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1. Real Party in Interest 

The real parties in interest are The Regents of the University of California and the 
United States Government. 

2. Related Appeals and Interferences 

There are no known related appeals (or interferences). 

3. Status of Claims 

Pursuant to Final Office Action dated July 24, 2003, claims 1-8, 22-24, 29 and 30 
are pending in the application, and these claims are all finally rejected. Claims 9-21 and 
25 were earlier cancelled without prejudice pursuant to a restriction requirement. Claims 
29 and 30 were added by amendment dated August 15, 2002. 
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4. Status of Amendments 

All Amendments have been entered. 

5. Summary of Invention 

The present invention is directed to the finding by applicants that a previously 
unrecognized fragment of a-dystroglycan, having an Mr of 120-130kD, is shed from cells 
having tumorigenic properties. 

Dystroglycan was originally identified in skeletal muscle as a component of the 
dystrophin-glycoprotein complex. It is composed of a- and P-subunits which are encoded 
by a single gene, and cleaved into two proteins by posttranslational processing. 
Dystroglycan is an extracellular peripheral membrane glycoprotein anchored to the cell 
membrane by binding to a transmembrane glycoprotein, p-dystroglycan. Normal a 
dystroglycan has a molecular weight of about 180 kD. Dystroglycan spans the 
sarcolenmia (muscle fiber membrane) and its known function is to provide a connection 
between the extracellular matrix and the cytoskeleton. Dystrophin deficiency causes a 
drastic reduction of the dystroglycan complex in the sarcolenmia and, thus, loss of 
linkage between the subsarcolenmial cytoskeleton and the extracellular matrix, eventually 
leading to muscle cell death in Duchenne muscular dystrophy. 

The present application extends previous research from the laboratory of the 
present inventors, as illustrated in Attachment 1, Lelievre et al. 'Tissue phenotype 
depends on reciprocal interactions between the extracellular matrix and the structural 
organization of the nucleus," Proc. Acad. Sci. 95:14711-14716 (Dec. 1998). That is, 
investigations have shown certain links between tumorgenic phenotypes and properties 
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on the outside of cells, rather than genetic changes on the inside of cells. The present 
work is consistent with that theme in that the conventional role of dystroglycan involves 
interaction with the extracellular matrix, rather than a role in growth control. 
Specifically, the present work is directed to a newly found behavior of a dystroglycan in 
cancer cells. Fig. 1 illustrates this by showing an SCg6 manmiary carcinoma cell 
supernatant having a distinct band in the 120-130kD region, representing a shed a- 
dystroglycan fragment. (SCg6 is known to be a tumorigenic cell line. See Attachment 
2.). To detect the present 120-130kD fragment, one may use a cell medium assay (using 
the disclosed antibody IIH6 on p. 16 of the Specification) or use a cellular assay to 
determine the existence and extent of this shedding. The degree to which the a- 
dystroglycan on a cell surface has been cleaved and shed into the medium correlates with 
the tumorigenicity of the cell. In Fig. 2, it is shown that 5 of 8 tumor cell lines tested 
lacked detectable cell surface a-dystroglycan. 

Accordingly, the present claims are directed to methods of detecting the shedding 
of the 120-130 kD fragment. 

6. Issues 

The presently outstanding final office action sets forth one rejection, raising the 
following issues: 

A. Are Claims 1-8, 22-23, 29 and 30 enabled by the specification? 

B. Does Dr. Campisi's Declaration constitute objective evidence that the specification 
contains sufficient guidance to enable one of ordinary skill in the art to make and use the 
claimed invention(s)? 
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C. Is undue experimentation required for assessing whether detection of a dystroglycan 
fragments correlates with tumor growth and tumorigenicity because it requires analysis of 
a large quantity of clinical samples to determine whether or not shedding of said 
fragments occurs at all in vivo and detection of said fragments is indicative of tumor 
growth and potential tumorigenicity? Since a large number of clinical samples is required, 
is it proper to require Applicants to submit "evidence showing that detection of a 
dystroglycan fragment in blood is correlated with tumor growth and/or potential 
tumorigenicity in vivo in order to obviate this rejection"? (See Final Office Action, 
page 3, end of first paragraph.) 

7. Grouping of Claims 

Insofar as the rejection is directed to a lack of "objective evidence" that shedding 
of the present a dystroglycan fragment is correlated to tumorigenicity all of the claims on 
appeal stand or fall together because they speak to shedding of the fragment in vivo. 
Claim 1 contains the phrase "whereby the presence of the fragment indicates higher 
potential tumorigenicity." Claim 22 contains the phrase "positively correlated with tumor 
cell growth." For purposes of the present appeal, these phrases are believed to raise the 
same issue. 

8. Arguments 

A. The claims are enabled. 

Firstly, the question of enablement is directed to whether or not undue 
experimentation is required to make and use the claimed invention. There is no doubt in 
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this case that one of ordinary skill can make the presently claimed invention. What is in 
dispute is whether or not the use of the invention will have the beneficial result referred to 
in the claims, i.e. assessment of tumorigenic potential. The present method may not be a 
fully developed method inmiediately suitable for clinical use, but it has sufficient utility 
to meet the requirements of 35 USC 101. The Examiner doubts the assertions made 
throughout the specification by the inventors, both Ph.D. scientists doing full time 
research in this field. See inventors' CV's attachment 3 and attachment 4. 

As stated in MPEP 2164.04, 


In order to make a[n enablement] rejection, the examiner has the initial 
burden to establish a reasonable basis to question the enablement provided for 
the claimed invention. In re Wright, 999 F.2d 1557, sought to 1562, 27 USPQ2d 
1510, 1513 (Fed. Cir. 1993) (examiner must provide a reasonable explanation as 
to why the scope of protection provided by a claim is not adequately enabled by 
the disclosure). A specification disclosure which contains a teaching of the 
manner and process of making and using an invention in terms which 
correspond in scope to those used in describing and defining the subject matter 
be patented must be taken as being in compliance with the enablement 
requirement of 35 U.S.C. 112, first paragraph, unless there is a reason to 
doubt the objective truth of the statements contained therein which must be 
relied on for enabling support Assuming that sufficient reason for such doubt 
exists, a rejection for failure to teach how to make and/or use will be proper on 
that basis. In re MarzocchU 439 F.2d 220, 224, 169 USPQ 367, 370 (CCPA 
1971). As stated by the court, "it is incumbent upon the Patent Office, whenever 
a rejection on this basis is made, to explain why it doubts the truth or accuracy 
of any statement in a supporting disclosure and to back up assertions of its own 
with acceptable evidence or reasoning which is inconsistent with the contested 
statement. Otherwise, there would be no need for the applicant to go to the 
trouble and expense of supporting his presumptively accurate disclosure." 439 
F.2d at 224, 169 USPQ at 370. (emphasis supplied in bold). 

In this case, no reason to doubt Applicants' assertions has been presented. 
Arguments that there may be cases where normal cells shed the a-dystroglycan fragment 
are pure speculation. 
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B. The Declaration of Dr. Judith Campisi provides objective evidence that the 
claims are enabled. 

Dr. Judith Campisi is a Senior Staff Scientist at Lawrence Berkeley National 
Laboratory. She has no interest in the present patent application other than conunon 
employment with the present inventors. In her declaration of May 5, 2003, she states: 

5. In my experience, a number of in vitro cell culture models 
are generally recognized in the art as correlating to in vivo 
conditions of tumorigenicity or tumorigenic potential. The 
three dimensional basement membrane assay, employed in the 
present application, is especially well regarded as predictive of 
in vivo cell growth behavior of tumor cells. Furthermore, the 
present specification describes nude mouse experiments that 
further confirm the correlation between the present in vitro 
assay and in vivo results. The present specification provides 
working examples describing the detection of the 120-130 kD a 
dystroglycan fragment in cell culture medium. It further 
provides results from a reasonable number of cell lines to show 
the correlation between shedding of this fragment in vitro and 
potential tumorigenicity, as represented in Fig. 2 of the 
specification. In this particular case, I believe that it is 
scientifically credible and plausible to extrapolate the detection 
of a shed dystroglycan fragment found in cell culture medium 
to the abiHty to find that same fragment, using similar 
techniques, in the blood or other tissue of a living animal, 
including a human. Furthermore, the teachings of the present 
specification support this expectation. I have reviewed the 
inventors' follow up paper, Muschler et al., "A Role for 
Dystroglycan in Epithelial Polarization: Loss of Function in 
Breast Tumor Cells," Cancer Research 62:7102-7109 (Dec. 
2001), and note that they have obtained in vivo data in nude 
mice that correlate with their in vitro work. The nude mouse 
model is generally accepted as a model predictive of human 
tumor cell behavior. 

6. I have reviewed the inventor's conclusions in the 
specification, in particular the discussion of the shedding of a 
dystroglycan fragments in hyperplasia and tumor cell growth. 
Specifically, I have read the following: 
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"Because a and p dystroglycan are translated as a single 
polypeptide, it was surprising that a dystroglycan was not 
detected on the cell surface of many cells when p dystroglycan 
was present. We concluded that, by some mechanism, a 
dystroglycan was being shed from the cell surface." (Page 11, 
first paragraph). 

"We believe a dystroglycan shedding occurs principally in 
cells that are reorganizing and growing. Little of such activity 
occurs in adult tissues, except in cases like the normal 
processes of mammary gland development, and perhaps 
angiogenesis. However, such activity would occur on a large 
scale during hyperplasia or tumor cell growth and the 
accompanying angiogenesis. a Dystroglycan is shed in two 
forms, one which binds laminin and a smaller portion with no 
known binding activity. An assay that detects a dystroglycan 
proteolysis would be an assay for the detection of tissue re- 
organization and cell growth." (Page 13-14) 

7. I believe that the weight of scientific evidence favors the 
statements quoted in Paragraph 6, rather than raising doubt as 
to the truth of these statements. The reference to "tissue re- 
organization and cell growth" also applies also to "potential 
tumorigenicity." 

Thus, objective evidence has been provided for the method of using the presently claimed 
invention. 


C. Clinical trials or other in vivo data are not required under 35 USC 112 and are 
not necessary to show a reasonable expectation of success in this case. 

The "how to use" prong of the utility requirement does not require in vivo data for 
a biological invention. In accordance with MPEP 2164.02, 

The issue of "correlation" is related to the issue of the presence or absence 
of working examples. "Correlation" as used herein refers to the 
relationship between in vitro or in vivo animal model assays and a 
disclosed or a claimed method of use. An in vitro or in vivo animal model 
example in the specification, in effect, constitutes a "working example" if 
that example "correlates" with a disclosed or claimed method invention. If 
there is no correlation, then the examples do not constitute "working 
examples." In this regard, the issue of "correlation" is also dependent on 
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the state of the prior art. In other words, if the art is such that a particular 
model is recognized as correlating to a specific condition, then it should be 
accepted as correlating unless the examiner has evidence that the model 
does not correlate. Even with such evidence, the examiner must weigh the 
evidence for and against correlation and decide whether one skilled in the 
art would accept the model as reasonably correlating to the condition. In re 
Brana, 51 F.3d 1560, 1566, 34 USPQ2d 1436, 1441 (Fed. Cir 1995) 
(reversing the PTO decision based on finding that in vitro data did not 
support in vivo applications). 

Since the initial burden is on the examiner to give reasons for the lack of 
enablement, the examiner must also give reasons for a conclusion of lack 
of correlation for an in vitro or in vivo animal model example. A rigorous 
or an invariable exact correlation is not required, as stated in Cross v. 
fizuka, 753 F.2d 1040, 1050, 224 USPQ 739, 747 (Fed. Cir. 1985): 

[B]ased upon the relevant evidence as a whole, there is a reasonable correlation between 
the disclosed in vitro utility and an in vivo activity, and therefore a rigorous correlation is 
not necessary where the disclosure of pharmacological activity is reasonable based upon 
the probative evidence. (Citations omitted). 


Thus the "invitation" in the Final Office Action that the Applicants supply data showing 
detection of the shed fragment from in vivo experiments (in order to obtain allowance of 
the claims) is improper. 

9. Conclusion 

The present case involves a novel finding in the relationship between the cell 
membrance and the extracellular matrix. Modelling of in vivo cell behavior in an in vitro 
extracellular matrix model is accepted in the art (See Attachment 1, and Specification, 
page 2, first full paragraph. Specifically, the present inventors show that cleavage of a 
cellular adhesion molecule is correlated with increased tumorigenic potential in tests run 
on eight selected cell lines. The specification describes an assay that has an immediate 
utility in the laboratory as studying tumorigenic potential and may be extended to clinical 
use without undue experimentation. 
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Accordingly, the rejection of claims 1-8, 22-24, 29 and 30 under 35 USC 1 12 
should be reversed and the present case passed to issuance. 


Respectfully submitted, 


Date: A/ '^y f7)^. ^ 


David J. Aston 

Attorney for Applicant 

Reg. No.: 28,051 

Tel. No. (510) 486-7503 

Lawrence Berkeley Laboratory 

One Cyclotron Road 

MS 90B0104 

Berkeley, CA 94720 


10. Appendix: Claims on Appeal 

Claim 1. A method for measuring potential tumorigenicity of manmialian cells 
comprising: 

a. providing a sample of medium surrounding cells, and 

b. detecting the presence of a fragment of a-dystroglycan in medium, said 
fragment having an Mr of 120-130kD, whereby the presence of the fragment 
indicates higher potential tumorigenicity. 

Claim 2. The method of claim 1, wherein said detecting comprises: 

a. adding to said sample a material selected from the group consisting of a 
monoclonal antibody to a-dystroglycan and laminin, and 

b. measuring the size of the a-dystroglycan fragment detected. 
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Claim 3. The method of claim 1, wherein said cells are human manmiary epithelial cells. 
Claim 4. The method of claim 1, wherein said medium is blood serum. 

Claim 5. A method for measuring potential tumorigenicity of cells, comprising: 

a. providing a sample of said cells, and 

b. detecting the presence of a-dystroglycan on the surface of the cells, 
whereby the absence of a-dystroglycan indicates a higher potential for 
tumorigenicity. 

Claim 6. The method of claim 5, wherein said detecting comprises: 

a. adding to said sample a monoclonal antibody to a-dystroglycan, and 

b. measuring the amount of labeled a-dystroglycan detected. 

Claim 7. The method of claim 5, wherein said cells are human mammary epithelial cells. 

Claim 8. The method of claim 5, wherein said detecting comprises measurement of the 
amount of a-dystroglycan relative to the amount of P-dystroglycan, wherein a relative 
decrease of a-dystroglycan indicates a-dystroglycan shedding and higher potential 
tumorigenicity. 

Claims 9-21 (Withdrawn). 

Claim 22. A method of assaying proteolysed a-dystroglycan fragments shed from a cell 
into blood serum comprising the steps of: 

a. contacting a serum sample to be assayed with a labeled antibody specific 
for an a-dystroglycan fragment, and 

b. assaying the amount of bound label, wherein said a-dystroglycan 
fragments bound to said labeled antibody are positively correlated with tumor cell 
growth. 


Appeal Brief 

US Patent Application No.: 09/652.493 


11 


Lawrence Berkeley National Laboratory 
Docket No. IB- 1398 


Claim 23. The method of Claim 22, wherein the a-dystroglycan fragment is an 
approximately 120 kD fragment. 

Claim 24. The method of Claim 22, wherein the a-dystroglycan fragment is an 
approximately 60 kD fragment. 

Claims 25 - 28 (Withdrawn). 

Claim 29. The method of claim 22, wherein said cell is an epithelial cell. 

Claim 30. The method of claim 29, wherein said epithelial cell is a breast epithelial cell. 
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ABSTRACT What determines the nuclear organization 
within a cell and whether this organization itself can impose 
cellular function within a tissue remains unknown. To explore 
the relationship between nuclear organization and tissue 
architecture and function, we used a model of human mam- 
mary epithelial cell acinar morphogenesis. When cultured 
within a reconstituted basement membrane (rBM), HMT- 
3522 cells form polarized and growth-arrested tissue-like 
acini with a central lumen and deposit an endogenous BM. We 
show that rBM-induced morphogenesis is accompanied by 
relocallzation of the nuclear matrix proteins NuMA, splicing 
factor SRml60, and cell cycle regulator Rb. These proteins 
had distinct distribution patterns speciHc for proliferation, 
growth arrest, and acini formation, whereas the distribution 
of the nuclear lamina protein, lamin B, remained unchanged. 
NuMA reiocalized to foci, which coalesced into larger assem- 
blies as morphogenesis progressed. Perturbation of histone 
acetylation in the acini by trichostatin A treatment altered 
chromatin structure, disrupted NuMA foci, and induced cell 
proliferation. Moreover, treatment of transiently permeabil- 
ized acmi with a NuMA antibody led to the disruption of 
NuMA foci, alteration of histone acetylation, activation of 
metalloproteases, and breakdown of the endogenous BM. 
These results experimentally demonstrate a dynamic interac- 
tion between the extracellular matrix, nuclear organization, 
and tissue phenotype. They further show that rather than 
passively reflecting changes in gene expression, nuclear or- 
ganization itself can modulate the cellular and tissue pheno- 
type. 


The cell nucleus is organized by a nonchromatin internal 
structure referred to as the nuclear matrix (NM; refs. 1-3). 
Identified NM components include coiled-coil proteins (4), 
cell cycle regulators (5), tissue-specific transcription factors (6, 
7), and RNA splicing factors (for review see ref. 2). Although 
splicing factors have been shown to redistribute during cellular 
differentiation (8, 9) and following the induction of gene 
expression (10), spatial distribution of nuclear components are 
thought to be the consequence of changes in gene expression 
(8, 10, 11). However, whether NM composition and structure 
may themselves affect gene expression and cellular function 
has not been examined. 

To systematically study the effect of cell growth and tissue 
differentiation on nuclear organization, we used a reconsti- 
tuted basement membrane (rBM)-directed model of mam- 
mary gland morphogenesis (12). The HMT-3522 human mam- 
mary epithelial cells (HMECs) were isolated from reduction 
mammoplasty and became immortalized in culture (13). When 


The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked advertisement'^ in 
accordance with 18 U.S.C. §1734 solely to indicate this fact. 

© 1998 by The National Academy of Sciences 0027-8424/98/95147n-6$2.00/0 
PNAS is available online at www,pnas.org. 


embedded within a rBM, these cells arrest growth, organize an 
endogenous BM, and form polarized acinus-like structures 
with vectorial secretion of siaiomucin into a central lumen (12). 
We used this model to compare the nuclear organization of 
HMECs cultured on a plastic surface [two-dimensional (2D) 
monolayer] vs. a three-dimensional (3D) rBM. Nuclear orga- 
nization was assessed by examining the distribution of the 
coiied-coil NM proteins lamin B (14) and NuMA (15), the cell 
cycle regulator Rb (pUORb; ref. 5), and the splicing factor 
SRml60 (formerly known as B1C8; ref. 16). These proteins 
had distinct spatial distribution patterns specific for prolifer- 
ation, growth arrest, and acini formation. Moreover, disrup- 
tion of nuclear organization in acini by either perturbing 
histone acetylation or directly modifying the distribution of 

NM protftins ^^,rftH the, arinar phenntjrp e, 

"Wfc p ifviouslyhypothesized (17) and thereafter provided 
f evidence that the extracellular matrix (ECM) directs morpho- 
l genesis and gene expression in mammary epithelial cells (12,^ 
VlSr'j^) ^^^!'^ we blio\^ -t hai a lecipioc^il leiailoiish ip-exis^ 
between the ECM and nuclear organization. These findings 
underscore a role for nuclear organization in regulation of 
gene expression and provide a possible framework for how 
cell-ECM interactions determine cell and tissue phenotype. 

MATERIALS AND METHODS 

Cell Culture. HMT-3522 HMECs (S-1 passage-50 cells; ref. 
13) were propagated in 2D cultures in chemically defined 
medium (12), and growth arrest was induced by removing 
epidermal growth factor (EGF) for 48 hr. Cultures were 
prepared by embedding single cells (8.5 X 10^ cells per ml of 
matrix) in rBM (Matrigel, Collaborative Research) or collag- 
en-I matrix (Cellagen AC-5, ICN) in 4-well chamber slides 
(Nalge). These cultures were grown for 5-10 days. Growth 
arrest and morphogenesis were routinely observed by days 7-9, 

Antibodies and Inhibitors. For Western blots and/or im- 
munostaining, we used mAbs against type IV collagen (clone 
CIV, Dako), /3-catenin (clone 14, Transduction Laboratories, 
Lexington, KY), SRml60 splicing factor (clone B1C8, 16), 
lamin B (clone 101-B7, Matritech, Cambridge, MA), NuMA 
(clone 204-41, Matritech, and clone BlCU, a gift from S. 
Penman, Massachusetts Institute of Technology, Cambridge, 
MA), and polyclonal antibodies (pAbs) against Ki-67 (Novo- 
Castra, Newcastle, U.K.), acetylated histone H4 (Upstate 
Biotechnology, Lake Placid, NY), and pllORb (Santa Cruz 
Biotechnology). For bioperturbation assays, we used mAbs 
against lamins A/C (clone 636, Novocastra, Newcastle, U.K.) 


Abbreviations: NM, nuclear matrix; BM, basement membrane; rBM, 
reconstituted BM; HMEC, human mammary epithehal cells; 2D and 
3D, two and three dimensional; Rb, retinoblastoma protein; ECM, 
extracellular matrix; EGF, epidermal growth factor. 
§To whom reprint requests should be addressed at: Lawrence Berkeley 

National Laboratory, Life Sciences Division, MS 83-101, Berkeley, 

CA 94720. e-mail: mjbissell@lbl.gov. 
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and NuMA (clone 22, Transduction Laboratories, Lexington, 
KY), in addition to BlCll and 101-37. Trichostatin A (Wako 
Chemicals, Richmond, VA) was used as an inhibitor of histone 
deacetylase (40 nM). 

Indirect Immunofluorescence. Cells were permeabilized in 
situ (0.5% Triton X-100 in 100 mM NaCl/300 mM sucrose/10 
mM Pipes, pH 6.8/5 mM MgC12 containing 1 mM Pefabloc Sc 
(AEBSF) (Boehringer Manheim)/10 /ng/ml leupeptin/10 
jLig/ml aprotinin/10 /ig/ml trypsin inhibitor type 11/250 /iM 
NaF), fixed in 2% paraformaldehyde, and immunostained as 
described (18). Human mammary tissue was snap-frozen in 
n-hexane and embedded in Tissue-Tek O.C.T. compound 
(Sakura Firetek, Torrance, CA); sections were fixed in 
methanol and immunostained in accordance with human 
protocol (KF) 01-216/93 in the laboratory of O.W.P. 

Image Acquisition, Processing, and Data Analysis. Samples 
were analyzed by using a Bio-Rad MRC 1024 laser scanning 
confocal microscope attached to a Nikon Diaphot 200 micro- 
scope. Fluorescence specificity was verified by sequential 
fluorophore excitation. NuMA foci were analyzed by using 
IMAGE space-Sd analysis program (Molecular Probes) and 
normalized to 3D rBM cluster-cell number by highlighting and 
counting each nucleus using image space-measure 2d. The 
voxel threshold was set at 0.2 /xm. 

Immunoblot Analysis. Total cell extracts (2% SDS in phos- 
phate-buffered saline, pH 7.4, containing 1 mM Pefabloc/ 10 
^g/ml leupeptin/10 /ig/ml aprotinin/10 /xg/ml trypsin inhib- 
itor type 11/250 piM NaF) were prepared in situ for 2D cultures 
or from acini isolated from 3D cultures by dispase treatment 
(5,000 units per ml caseinolytic activity, Collaborative Re- 
search). Equal amounts of protein were separated and immu- 
noblotted as described (18). 

In Situ NM Preparation. In situ NM preparation was as 
previously described (20), except that 0.05% Triton X-100 and 
micrococcal nuclease (5 units per ml; Sigma) were used. 

Antibody-Mediated Perturbation of Nuclear Organization. 
rBM-induced acini (day 10) were permeabilized for less than 
2 min in situ (0.01% digitonin in 25 mM Hepes, pH 7.2/78 mM 
potassium acetate/3 mM magnesium acetate/ 1 mM EGTA/ 
300 mM sucrose/1% RIA-grade BSA), rinsed twice in digi- 
tonin-free buffer, and incubated in medium containing dia- 
lyzed specific or mock mAbs (15 tig/ml) for 48 hr, after which 
the cells were incubated with fresh medium for an additional 
48 hr. Antibody concentrations and incubation times were 
determined empirically. Trypan blue dye-exclusion tests and 
apoptosis studies verified the absence of digitonin toxicity. 

RESULTS 

Internal Nuclear Organization Is Remodeled When HMECs 
Are Cultured Within a Basement Membrane. HMT-3522 
HMECs, like primary HMECs, undergo morphogenesis to 
form tissue-like acini when cultured in a 3D rBM (12, 18). 
Neither cell type undergoes acinar differentiation when cul- 
tured as 2D monolayers. In proliferating 2D cultures, NuMA 
was diffusely distributed in the nucleus (Fig. 1^?) except when 
localized to the spindle poles in mitotic cells (15), and splicing 
factor SRml60 was distributed into numerous speckles of 
heterogenous sizes (Fig. Ic; ref. 16). In rBM-induced acini, 
NuMA was redistributed into an average of eight nuclear foci 
(ranging from 1 to 1.6 /xm in diameter) surrounded by diffusely 
localized NuMA protein (Fig. le), and SRml60 was distributed 
into an average of seven large speckles (Fig. 1/). In contrast, 
lamin B maintained a peripheral ring-like distribution around 
the nucleus, with some internal localization, regardless of 
culture conditions (Fig. 1 a and d). The distribution pattern of 
these proteins was conserved in NM preparations in situ, where 
chromatin was removed before immunolocalization (staining 
is shown for 3D rBM cultures only (Fig. 1 g-i). 


Lamm B NuMA SRmlGO 



Fig. 1. NM protein redistribution in HMECs after 3D rBM- 
induced acinar morphogenesis. Confocal fluorescence images (0.2-^m 
optical sections) of lamin B, NuMA, and splicing factor SRml60 in 
cells grown as 2D monolayers (a~<) and within 3D rBMs (d-i). NuMA 
was diffusely distributed in the nuclei of cells grown as monolayers (d), 
but reorganized into large nuclear foci in cells induced to undergo 
morphogenesis (acini formation) in response to a rBM (e). SRml60 
was distributed as multiple nuclear speckles in cells cultured as 
monolayer (c), whereas it was concentrated into fewer and larger 
speckles in the acini (/). Lamin B, in contrast, consistently localized to 
the nuclear periphery and within intranuclear patches (a and d). The 
distribution of lamin B (g), NuMA (h), and SRml60 (i) after in situ NM 
preparation of cells cultured in 3D rBM was similar to that observed 
in intact cells (d-f). Arrows indicate nuclei found within the plane of 
the section. (Bar = 10 /im.) 

We next examined NuMA and SRml60 distribution at 
different stages of 3D rBM-induced morphogenesis. After 
embedment in rBM, cells proliferated to form small clusters by 
days 3-5 but lacked ^-catenin at cell-cell junctions, and 
collagen IV staining was discontinuous (Fig. 2Aa-Ac). After 
growth arrest (days 6-10), cells assembled a continuous en- 
dogenous BM and formed polarized acinus-like structures with 
organized adherens junctions (Fig. 2 Ad-Af). NuMA was 
uniformly distributed in the nuclei of proliferating cells (Fig. 
25a), but became concentrated into distinct foci of differing 
sizes after growth arrest (day 7; Fig. 2Bb), and into larger and 
fewer foci on completion of morphogenesis (day 10, Fig. 25c). 
NuMA and the splicing factor SRml60 were not colocalized in 
proliferating cells (Fig. 2 Ba' and Ba"), but NuMA foci and 
SRml60 speckles were closer together after growth anest (Fig. 
2 Bb' and Bb") and were completely colocalized in large 
assemblies after the completion of morphogenesis (Fig. 2B, c' 
and c"). These spatial changes in NuMA arrangement oc- 
curred without significant modifications in the level of NuMA 
expression or molecular weight, as determined by using West- 
em blot analysis (Fig. 2Be), These experiments demonstrate 
that specific NM proteins undergo spatial rearrangement 
during rBM-induced acinar morphogenesis. Because the exis- 
tence of NuMA in differentiated tissue has been questioned 
(21), we studied NuMA in the normal resting human mam- 
mary gland. Intense staining was observed in the epithelial 
cells of acini and ducts, where NuMA was distributed in foci 
of different sizes and resembled the acinar stages recapitulated 
in 3D rBM cultures (Fig. 2Bd), 

Growth Arrest Is Associated With Changes in NuMA and 
Rb Distribution. ECM-directed growth arrest is an early and 
critical step in mammary epithelial cell morphogenesis (12). To 
distinguish between the effect of ECM-directed growth arrest 
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Fig. 2. {A) Distribution of structural proteins during rBM-induced acinar morphogenesis. Confocal fluorescence images (0.2- /xm optical 
sections) of collagen IV, )5-catenin, and Ki-67 in HMECs embedded within a rBM for 3-4 days (proliferating cells; fl-c), and for 7-10 days 
(growth-arrested acini; d-f). Coincident with growth arrest and acinar morphogenesis, HMECs deposited an organized endogenous collagen I V-rich 
BM {a vs. d), whereas ^-catenin relocalized from the cytosol and basal plasma membrane to sites of cell-cell adhesion {b vs. e). Acinar morphogenesis 
was associated with cell cycle exit, as indicated by the loss of Ki-67 staining (c vs./). (B), Spatial analysis of NuMA and sphcing factor SRml60 
redistribution during rBM-induced acinar morphogenesis. Confocal Texas red fluorescence images (0.2-;im optical sections) of NuMA {a-c) and 
double-labeled NuMA (Texas red), and fluorescein isothiocyanate (FITC) green-stained SRml60 {a% a", 6', b'\ c\ and c") in HMT-3522 cells 
proliferating (a, a', and a") and undergoing morphogenesis (b, b\ b", c, c\ and c") in response to a rBM. In proliferating cells, NuMA was diffusely 
distributed (a) and did not colocalize with SRml60 {a' and a"). After growth arrest, NuMA coalesced into foci of increasing size (0.2-2 ^^m;/) 
in association with the establishment of mature tissue-like structures (acini; b and c) Nine nuclei are shown in b. Only the larger NuMA foci observed 
in late morphogenesis fully colocalized with SRml60 (fr b'\ c\ and c"). {d) In the ductal and acinar HMECs of the mammary gland, in vivo, NuMA 
was localized in foci with a size distribution comparable to that observed in most of the HMEC nuclei of differentiating rBM cultures shown in 
i>. (c) Western blot analysis of NuMA and Lamin B showed no difference in protein expression or size between proliferating and growth-arrested 
HMECs grown within rBMs. Arrows indicate nuclei. (Bars = 10 /im.) 


and changes caused by tissue structure and polarity, the growth-arrested and proliferating cells cultured in monolayers, 
localization of NuMA and SRml60 was compared between Less than 5% of the cells remained in the cell cycle after 
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Fig. 3. Effect of growth status on the distribution of NM proteins. 
Confocal fluorescence images (0.2-/i-m optical sections) of Texas 
red-stained NuMA (a~c) and fluorescein isothiocyanate (FITC) 
green-stained Rb (d, e,g, and h) in cells proUferating as 2D monolayers 
(a and d) and within 3D rBMs (g) and cells growth-arrested in 
monolayer (b and e) and within collagen-l (c) or a rBM (h). NuMA was 
diffusely distributed in the nucleus of proliferating HMECs grown as 
monolayers (a) and reorganized into random aggregates on growth 
arrest induced by EGF removal (b). The settings for image recording 
were the same as for a. Aggregates appear white because of saturation 
of the signal. NuMA was distributed in random aggregates or in small 
foci in growth-arrested and BM-free cell colonies obtained after 10 
days of culture within coUagen-I (c). Rb was diffusely distributed in the 
nucleus of proliferating cells grown either in monolayer (d) or in 3D 
rBM (g); however, on growth arrest, the protein redistributed into 
several foci in the monolayer propagated cells (e) but coalesced into 
a central, single nuclear focus in the rBM-induced acini (h)\ the dotted 
line indicates outer nuclear limit. Western blot analysis of Rb in 
proliferating and growth-arrested cells grown as monolayers (f) or 
within a 3D rBM (/) shows that the hyperphosphorylated isoform was 
present only in proliferating cells. Arrows indicate nuclei. (Bar = 10 
ixm.) 

growth arrest induced by EGF removal, as indicated by the 
absence of detectable Ki-67 immunostaining (data not shown). 
NuMA was uniformly distributed in the nuclei of proliferating 
cells but coalesced into denser areas on growth arrest (Fig. 3 
a and b). The irregular geometric quality of these dense areas 
was distinct from the circular foci pattern observed in growth- 
arrested 3D rBM-grown cells. In contrast, no significant 
change in the multispeckled distribution of SRml60 was 
detected under these conditions (data not shown). The rela- 
tionship between nuclear organization and growth status was 
further investigated by examining the distribution of the cell 
cycle regulator Rb. Rb redistributed from a diffuse nuclear 
pattern in proliferating HMECs into a few large foci in 
growth-arrested cells (Fig. 3 d and e). Strikingly, the distribu- 
tion of Rb in the growth -arrested 2D cultures was distinct from 
that observed in the growth-arrested 3D cultures (compare 
Fig. 3 e and h), which may reflect differences in the state of 
growth arrest between 2D monolayer and 3D rBM cultures. 
The monofocal pattern of Rb observed in 3D culture coincided 
with growth arrest. Western blot analysis showed that hypo- 


phosphorylated Rb was associated with the NM in 3D cultures 
(data not shown) as was previously reported for 2D cultures 
(5). Moreover, the diffuse distribution observed in proliferat- 
ing cells was associated with the hyperphosphorylated form of 
the protein (Fig. 3 / and /). 

Because growth arrest in 3D rBM precedes the final stages 
of acinar morphogenesis (12), we examined the relationship 
between the large NuMA foci and the formation of a polarized 
endogenous BM. HMECs cultured in a 3D collagen-I matrix 
form growth-arrested organized colonies but do not assemble 
a polarized, endogenous BM (22). Therefore, we compared 
NuMA distribution in cells grown in rBM to those grown in 
type I collagen. After 12 days in collagen I, NuMA was 
distributed as small foci or irregular dense aggregates (Fig. 3c), 
similar to the pattern observed in growth-arrested cells in 2D 
cultures. Thus, NuMA redistribution into dense areas and 
small foci is induced by growth arrest, but the coalescence of 
the foci into larger and distinct structures requires the presence 
of a BM. 

Cross-Modulation Between NuMA Distribution, Chroma- 
tin Structure, and the Acinar Phenotype. The degree of 
histone acetylation has been shown to regulate chromatin 
structure and gene expression (19, 23). Histone acetylation was 
altered in the acini by using the histone deacetylase inhibitor 
trichostatin A. After 2 hr of treatment, NuMA foci began to 
disperse, and several cells entered the cell cycle, as measured 
by an increase in the Ki-67 labeling index. After 24 hr of 
treatment, NuMA was diffusely distributed in all nuclei (Fig. 
4 e vs. a), and the acinar phenotype was altered as shown by loss 
of the endogenous BM (Fig. 4 / vs. b), redistribution of 
/3-catenin (Fig. 4 g vs. c), and the presence of mitotic cells, as 
shown by mitotic spindle-pole staining of NuMA (Fig. 4e, 
arrow). In contrast, trichostatin A did not alter the cell 
phenotype or the distribution of NuMA (data not shown). 

Because NuMA is essential for postmitotic nuclear assembly 
and participates in the loss of nuclear integrity during apo- 
ptosis (24, 25), we asked whether disruption of NuMA foci in 
the acini could globally influence nuclear organization and 
affect the acinar phenotype. Rapid and reversible digitonin 
permeabilization was used to load cells with either anti-NuMA 
mAbs or with an IgGi mock mAb. The NuMA mAb BlCll, 
but not an N-terminal-specific mAb (clone 22; data not 
shown), disrupted NuMA organization, causing the protein to 
become diffusely redistributed within the nucleus as revealed 
by the secondary Ab (Fig. 4/). Chromatin structure was altered, 
as shown by the rearrangement of acetylated histone H4 
distribution (Fig. 4 / vs. d). More dramatically, disruption of 
NuMA organization altered the acinar phenotype, as indicated 
by loss of the endogenously deposited BM (Fig. 4;). Because 
the loss could be prevented by treatment with GM6001, a 
potent metalloprotease inhibitor (Fig. 4/2; ref. 26), we conclude 
that NuMA disruption led to induction and/or activation of a 
metalloprotease. Similar treatment of the acini with mAbs 
against lamins A/C or lamin B did not induce any change in 
histone H4 acetylation, BM integrity, or lamin distribution, 
even though these Abs reached their nuclear targets, as shown 
by secondary Ab staining (Fig. 4n and data not shown). 

DISCUSSION 

By modifying the cellular microenvironment, we have dem- 
onstrated that nuclear organization rearranges dramatically in 
HMECs after growth arrest and tissue-like acinar morpho- 
genesis (Scheme 1). The use of the 3D-rBM culture assay has 
enabled us also to show that alterations of nuclear organization 
can modify the cellular and tissue phenotype. 

Previously documented changes in nuclear organization 
have been broadly descriptive. By systematically analyzing the 
distribution of three NM proteins in 2D and 3D cultures, we 
have determined that precise nuclear rearrangements occur 
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Fig. 4. Cross-modulation between chromatin structure, NM organization, and the acinar phenotype. Confocal fluorescence images {0.2-^m 
optical sections) of NuMA {a, e, and /), collagen IV (6,/, and ;), /S<atenin (c,^, and k), and acetylated histone H4 (d, h, and I) in control, trichostatin 
A (TSA)-treated, and NuMA mAb-incubated acini (day 10 of 3D rBM culture), (a-d) Nuclear organization and acinar phenotype in controls. Acini 
exhibit NuMA foci (c), an organized endogenous collagen IV-rich BM {b\ cell-cell localized /3-catenin (c), and dispersed acetylated H4 histone 
(J), {e-h) Effects of TSA on nuclear architecture and acinar phenotype. After 24 hr of TSA treatment (40 nM), >55% of the cells entered the 
cell cycle, as indicated by an increase in Ki-67 labeling index (m) and the appearance of mitotic cells (arrow in e). NuMA was uniformly distributed 
in the nuclei (e), collagen IV disappeared (/), ^-catenin was released from the cell-cell interface fe), and the pattern of histone H4 acetylation 
was altered {h). {i-4) Effects of mAb-induced NuMA foci disruption on nuclear organization and acinar phenotype. Introduction of a NuMA mAb 
into the nuclei of the acini by using reversible digitonin permeabilization led to the disruption of NuMA foci (/), degradation of the collagen IV-rich 
BM (arrows in ;), and the nuclear marginalization of acetylated H4 histone (/). There was no consistent alteration observed for ^-catenin other 
than increased basal labeling {k). These effects were not observed with mock IgGs or mAbs to lamins A/C or B. (n) BM degradation after 
mAb-induced NuMA disruption in acini. Analysis of the percentage of acini with intact collagen IV-rich BMs in relation to control/digitonin- 
permeabilized (DP) acini (a), mock-IgG mAb-treated/DP acini {b), NuMA mAb-treated/nonpermeabilized acini (c), NuMA mAb-treated/DP 
acini {d), NuMA mAb-treated/DP acini + the metalloproteinase inhibitor GM6001 (e), NuMA mAb-treated/DP acini + the inactive 
metalloproteinase inhibitor GM1210 (/), NuMA mAb-treated/DP acini + the uPA inhibitor, aprotinin (g), and Lamin B mAb-treated/DP acini 
(/i). Acini (>35%) degraded their endogenous BMs in response to disruption of NuMA (d). The BM loss could be rescued by treatment with the 
metalloproteinase inhibitor GM6001 (e), but not its inactive analogue (/) or a uPA protease inhibitor (g). (Bar = 10 ^m,) 


with growth arrest and after rBM-induced morphogenesis. In 
3D rBM cultures, both NuMA and Rb were diffusely distrib- 
uted in the nucleus of proliferating cells. After growth arrest, 
NuMA was relocalized into discrete foci, whereas Rb redis- 
tributed into a central nuclear mass. These patterns of distri- 
bution were different from those observed in growth-arrested 


cells in monolayer 2D cultures, suggesting that there may be 
different states of growth arrest in 2D and 3D rBM cultures 
(27). Because NuMA distribution in 3D collagen I cultures was 
comparable to that observed in growth-arrested 2D cultures, 
our results suggest that 3D organization of cells per se cannot 
explain the differences seen between monolayer and 3D rBM 
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{Only the cell nucleus is represented, NuMA in red; Rb and SRinl60 in green) 
Scheme 1 

cultures. This finding implies that BM signaling is necessary for 
the ultimate nuclear organization within the acini. Indeed, the 
presence of large and distinct NuMA foci was observed only in 
mature 3D rBM cultures and in adult resting mammary gland 
in vivo, where the acini were surrounded by a continuous 
endogenous BM. The mammary gland undergoes develop- 
mental cycles of growth and differentiation even in adults; this 
may account for the heterogeneity of foci size observed in vivo 
and may further explain the absence of the very large NuMA 
foci in subpopulations of differentiated acini (Fig. IBc), 
Whether the pattern of NuMA distribution indeed corre- 
sponds to different levels of differentiation in vivo requires 
further analysis. 

The antibody-directed disruption of NuMA foci in the acini 
induced changes in the distribution pattern of acetylated 
histone H4, the activation of metalloprotease(s), and the loss 
of BM integrity. These results, as well as our observation that 
NuMA progressively coalesces and eventually colocalizes with 
enlarged splicing-factor speckles during acini differentiation, 
suggests that some nuclear proteins may contain the molecular 
information necessary for the development and/or mainte- 
nance of the acinar phenotype. Interestingly, trichostatin- 
induced alteration of histone acetylation in acini also led to the 
disruption of NuMA foci and was associated with the loss of 
BM and the induction of cell proliferation. Although we do not 
know the moleculan mechanisms responsible for phenotypic 
alterations induced by nuclear reorganization, our experi- 
ments demonstrate also the existence of reciprocal interactions 
between nuclear organization, chromatin structure, and the 
acinar phenotype. The BM has been shown previously to be 
necessary for the formation and maintenance of the functional 
acinus (12, 28, 29). We report here that BM-induced acinar 
formation is associated with the distinct spatial organization of 
a repertoire of NM proteins and that, conversely, perturbation 
of nuclear organization alters the BM and influences the acinar 
phenotype. These results illustrate the dynamic reciprocity 
between the ECM and the structural organization of the 
nucleus, and underscore the importance of ECM-NM com- 
munication (17) in phenotypic plasticity. 
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Mammary epithelial cells undergo changes in growth, invasion, and differentiation throughout much of adult- 
hood, and most strikingly during pregnancy, lactation, and involution. Although the pathways of milk protein ex- 
pression are being elucidated, little is known, at a molecular level, about control of mammary epithelial cell 
phenotypes during normal tissue morphogenesis and evolution of aggressive breast cancer. We developed a 
murine mammaiy epithelial cell line, SCp2, that arrests growth and functionally differentiates in response to 
a basement membrane and lactogenic hormones. In these cells, expression of Id-1, an inhibitor of basic 
helix-loop-helix transcription factors, declines prior to differentiation, and constitutive Id-1 expression blocks 
differentiation. Here, we show that SCp2 cells that constitutively express Id-1 slowly invade the basement 
membrane but remain anchorage dependent for growth and do not form tumors in nude mice. Cells expressing 
Id-1 secreted a —llO-kDa gelatinase. From inhibitor studies, this gelatinase appeared to be a metalloprotein- 
ase, and it was the only metalloproteinase detectable in conditioned medium from these cells. A nontoxic 
inhibitor diminished the activity of this metalloproteinase in vitro and repressed the invasive phenotype of 
Id-l-expressing cells in culture. The implications of these findings for normal mammary-gland development 
and human breast cancer were investigated. A gelatinase of —120 kDa was expressed by the mammary gland 
during involution, a time when Id-1 expression is high and there is extensive tissue remodeling. Moreover, high 
levels of Id-1 expression and the activity of a —120-10)3 gelatinase correlated with a less-differentiated and 
more-aggressive phenotype in human breast cancer cells. We suggest that Id-1 controls invasion by normal and 
neoplastic mammary epithelial cells, primarily through induction of a ~120-kDa gelatinase. This Id-1- 
regulated invasive phenotype could contribute to involution of the mammary gland and possibly to the 
development of invasive breast cancer. 


The epithelial cells of the mammary gland undergo coordi- 
nate changes in growth, differentiation, and invasion of the 
surrounding ECM during embryonic development and puber- 
ty, and throughout much of adulthood during each menstrual 
cycle. Particularly striking changes occur during pregnancy, 
lactation, and involution. The molecular mechanisms that con- 
trol the growth and functional differentiation of mammary 
epithelial cells are slowly being elucidated, but far less is known 
about the transient invasive behavior of normal breast epithe- 
lial cells. 

Normal breast epithelial cells proliferate and invade the 
surrounding ECM during the fetal and postnatal development 
of the gland, and then more vigorously at puberty as the 
branches of the manmiary epithelial tree are formed. After 
puberty, there are minor waves of mammary epithelial-cell 
proliferation during each estrous cycle (16, 46). The most strik- 
ing activity of mammary epithelial-cell proliferation and inva- 
sion occurs during pregnancy, as the gland expands in prepa- 
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ration for lactation (45). The proliferation and invasion of 
breast epithelial cells cease during late pregnancy, whereupon 
the cells functionally differentiate — that is, they express and 
secrete milk proteins (44). The epithelial cells remain prolif- 
eratively quiescent and functionally differentiated throughout 
lactation. At the end of lactation, the mammary gland under- 
goes involution, during which time there is an early and tran- 
sient reactivation of epithelial-cell proliferation, followed by 
extensive ECM degradation and epithelial-cell death by apo- 
ptosis. The extensive remodeling of the manunary gland that 
occurs during involution entails the stepwise activation of sev- 
eral MMPs by the stromal and epithelial cells of the gland (29, 
41). The involuting gland eventually returns to its prepreg- 
nancy structure. • 

Invasion of the ECM by normal epithelial cells must be 
tightly regulated and self-limiting. This control is clearly im- 
portant for the mammary gland to develop and function nor- 
mally. Control over normal invasive properties is also impor- 
tant in order to prevent neoplastic cells from invading the 
surrounding ECM. Most cancers develop from epithelial cells, 
and a hallmark of malignancy is invasion of the ECM by neo- 
plastic epithelial cells (38). In many experimental models of 
tumorigenesis, an invasive phenotype develops subsequent to 
neoplasia and often entails expression of ECM-degrading en- 
zymes conunonly expressed by mesenchymal or stromal cells. 
These enzymes include the MMPs stromelysin and the 72- and 
92-kDa collagenases (19, 48). It is not clear whether tumor 
cells express these MMPs because they are normally expressed 
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when epithelial cells transiently invade the ECM during nor- 
mal tissue morphogenesis or because they frequently acquire 
mesenchymal characteristics upon transformation. It was re- 
cently shown by in situ hybridization that these MMPs are 
expressed by stromal fibroblasts during certain stages of ductal 
and alveolar mammary morphogenesis as well as during invo- 
lution (29, 49). 

In order to study normal and abnormal mammary epithelial- 
cell phenotypes, we developed a murine mammary epithelial- 
cell line, SCp2, whose growth and differentiation can be con- 
trolled in culture (8). SCp2 cells are an immortal line that 
originated from a heterogeneous cell population derived from 
a midpregnancy mouse mammary gland (7, 37). SCp2 cells 
grow well in serum on tissue culture plastic, where they express 
keratins and exhibit other epithelial characteristics. When se- 
rum is removed and they are given lactogenic hormones (in- 
sulin, prolactin, and hydrocortisone) and basement membrane 
components, SCp2 cells first arrest growth, then aggregate and 
form alveolar structures, and finally express high levels of sev- 
eral milk proteins (8, 36). 

We have shown that the differentiation of SCp2 cells re- 
quires a sharp decline in the expression of the HLH protein 
Id-1 (9). Id genes encode a small family of proteins that pre- 
vent bHLH transcription factors from binding DNA (4). 
bHLH transcription factors comprise a large family of se- 
quence-specific DNA binding proteins that activate the tran- 
scription of cell- and tissue-specific genes. bHLH proteins act 
as obligate dimers: they dimerize through the HLH domains 
and bind DNA through the composite basic domain. Id pro- 
teins contain HLH domains and therefore dimerize with 
bHLH proteins. However, because Id proteins lack basic do- 
mains, Id-bHLH heterodimers cannot bind DNA. Thus, Id 
proteins negatively regulate bHLH transcription factors. The 
bHLH superfamily contains both ubiquitous and lineage-spe- 
cific transcription factors that direct many developmental and 
differentiation processes (20). Two of the four known Id pro- 
teins (Id-1 and Id-3) are nearly ubiquitously expressed, where- 
as the other two Id proteins (Id-2 and Id-4) have a more 
restricted pattern of expression (35). Thus, lineage-specific dif- 
ferentiation is determined by tissue-specific bHLH genes, which, 
in turn, are posttranslationaUy regulated by a small number of 
Id genes. Whether and how bHLH proteins participate in the 
differentiation of breast epithelial cells is not yet known. 

Id-1 was the first Id protein to be identified (4). Since its 
initial discovery in myoblasts, it has been shown to be ex- 
pressed by a variety of cell types and to inhibit the differenti- 
ation of myoblasts (18), several hematopoietic cell types (23, 
26, 40), trophoblasts (6), and mammary epithelial cells (9). Id-1 
was also found to be serum inducible in fibroblasts, where its 
expression is essential for progression into the S phase of the 
ceU cycle (14). In contrast to the closely related Id-2 protein, 
Id-1 does not physically associate with the retinoblastoma tu- 
mor suppressor protein pRb (15, 17) but can functionally in- 
teract with a pRb-regulated pathway for entry into S phase 
(15). 

Id-1 expression declines rapidly when SCp2 cells are induced 
to differentiate. As long as tlie cells remain in contact with a 
basement membrane and lactogenic hormones, Id-1 remains 
repressed and the cells do not proliferate, but they express milk 
proteins. By contrast, SCp2 cells that constitutively express 
Id-1 fail to differentiate, as judged by the expression of milk 
proteins, but nonetheless transiently arrest growth and form 
loose alveolar structures. After several days, cells that consti- 
tutively express Id-1 dissociate from each other and subse- 
quently resume growth (9). 

Here, we show that Id-1 expression confers upon SCp2 cells 


the ability to migrate and invade the basement membrane. 
However, cells that constitutively express Id-1 neither grow in 
soft agar nor form tumors in nude mice. Id-1 expression cor- 
relates strongly with expression of an apparently novel gelati- 
nase of approximately 120 kDa, an MMP, which is also ex- 
pressed during involution. The activity of this MMP was critical 
for the Id-1 -regulated invasive phenotype. We also show that 
Id-1 expression correlates with the degree of differentiation 
and invasiveness of himian breast cancer cells. The least-dif- 
ferentiated and most highly invasive cells express constitutively 
high levels of Id-1 and also secrete a 120-kDa gelatinase. Our 
results suggest that Id-1 is a regulator of the invasive pheno- 
type of normal and neoplastic mammary epithelial cells and 
that it acts, at least in part, by controlling expression of a 
120-kDa gelatinase. The invasive phenotype conferred by Id-1 
is not a consequence of tumorigenic transformation, although 
it may be appropriated in a subset of aggressive breast cancers. 
Our data provide new insights into the control of breast epi- 
thelial-cell invasion and suggest that one or more bHLH tran- 
scription factors may repress the invasive phenotype in normal 
as well as neoplastic breast epithelial cells. 

MATERIALS AND METHODS 

Abbreviations. AEBSF, 4-(2-arainoethyl)'beiizenesulfonyl fluoride; bHLH, 
basic helix-Ioop-helix; BSA, bovine serum albumin; DAPl, 4',6'-diamidino-2' 
phenylindole; DMEM, Dulbecco's modified Eagle's medium; DMSO, dimeth)i 
sulfoxide; EHS, Englebreth Holm Swarm tumor; ECM, extracellular matrix; F12, 
Ham's F-12 medium; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-phos- 
phate dehydrogenase; HLH, helbc-loop-helix; MMP, matrix metalloproteinase; 
PBS, phosphate-buffered saline; PMSF, phenylmethylsulfonyl fluoride; RT-PCR, 
reverse transcription-PCR. 

CeU coUare. SCp2 cells were grown in a 1:1 mixture of DMEM and F12 
(DMEM-F12) containing S% heat-inactivated FBS, insulin (5 iLg/ml), and gen- 
tamicin (50 (xg/ml) (growth medium) at 3TC in a humidifled 5% COj atmo- 
sphere, as previously described (8). To induce differentiation, cells were plated at 
5 X 10^/cm^ atop basement membrane components in DMEM-F12 lacking 
serum but containing lactogenic hormones (insulin, 5 M'g/nil; hydrocortisone, 
1 fig/ml; prolactin, 3 iig/nil) (9). Unless otherwise indicated, cells were cultured 
for 5 days before analysis. Basement membrane ECM either was purified from 
EHS tumors by the method of Taub et al. (42) or was supplied as Matrigel from 
Collaborative Research. 

SCp2 cells were transfected with the murine !d-l cDNA driven by the mouse 
mammary tumor virus promoter as previously described (9). The transfected 
ceils were initially pooled. Single cell-derived clones were subsequently derived 
by plating cells at limiting dilutions in 24-well plates. After 10 days, wells with 
visible colonies were trypsinized and replated onto 35-mm-diameter dishes. 
When nearly confluent, the cells were replated onto 100-mm-diameter dishes. 
The population was expanded by subculturing at a ratio of 1:4, and cells were 
used after 5 to 8 passages after the first 1:4 subculture. 

The human breast cancer cell lines T47D, MCF-7, Hs578T, BT-549, MDA- 
MB-231, ZR75-1, and SKBR-3 were purchased from the American Type Culture 
Collection. The MDA-MB-436 cell line was originally purchased from the Amer- 
ican Type Culture Collection and was given to us by R. Lupu (Berkeley National 
Laboratory). MDA-MB-435 cells were derived from the original cell line by 
selection in nude mice for the highly aggressive subpopulation (37a), Cells were 
passaged in DMEM containing 10% FBS and insulin (5 pig/ml; Sigma). For 
serum-free conditions, FBS was omitted from the medium. 

DNA synthesis and autoradiography. Cells plated on coverslips were labeled 
with [^H]methylthymidine (10 jiCi/ml; 60 to 70 Ci/mmol) for 24 h, washed twice 
with PBS, then fixed for S min with a 1:1 (volA^oI) mixture of acetone and 
methanol at -20°C. Where indicated, cell nuclei were stained for 2 min with 
DAPI diluted 1:10,000 in PBS. The coverslips were air dried, coated with Kodak 
NTB2 emulsion (1:2 dilution), and exposed for 16 to 24 h. The coverslips were 
developed with D-19, fixed with Kodak Rapid-Fix, and viewed by phase-contrast 
microscopy. 

Boyden chamber invasioo assays. Invasion assays were performed in modified 
Boyden chambers with 8-pjn-porc-size filter inserts for 24-well plates (Collabo- 
rative Research). Filters were coated with 10 to 12 ^1 of ice-cold basement 
membrane ECM at 8 to 12 mg of protein/ml. Cells (0.5 X lO' to 1 X 10*) were 
added to the upper chamber in 200 of DMEM-F12. The lower chamber was 
filled with 300 pJ of NIH 3T3 cell-conditioned medium. Where indicated, 
GM6001 was added at 0.2 mM to both chambers immediately after cell plating. 
After a 16- to 20-h incubation, the cells were fixed with 2.5% glutaraldehyde in 
PBS and stained with 0.5% toluidine blue in 2% Na^COa. Cells that remained in 
the basement membrane or attached to the upper side of the filter were removed 
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with paper towels. Cells on the lower side of the filter were examined by light 
microscopy and counted. 

Anchorage-dependent growth assays. Liquefied 2% agarose was mixed with an 
equal volume of 2X DMEM-F12 growth medium lacking serum and supple- 
mented with insulin (10 iig/ml) and gentamicin (100 ^g/ml) (2X medium). One 
milliliter of the mixture was layered onto 35-mm-diameter dishes to create a 1% 
agarose base. Liquefied 0.6% agarose was mixed with an equal volume of 2K 
medium, and 10 ml of this solution was mbced with } ml of growth medium 
containing lO' cells to yield 10* ccUs/ml in 0.27% agarose; 1 ml of this cell 
suspension was layered on top of the 1% agarose base, and 1 ml of DMEM-F12 
containing 5% FBS was added. The cells were incubated for 14 days, after which 
representative fields were photographed under phase-contrast microscopy. 

Tumorigenidty assays. Cells were injected subcutaneously into nude mice at 
4 X 10^ cells per site, two sites per animal, and two animals for each cell type 
(TCLl, SCg6, SCp2, SCp2-antiscnse Id-1, and SCp2-Id-l). Animals injected 
with TCLl and SCg6 cells developed easily detectable tumors (at least 1 cm^) 
within 3 weeks and were sacrificed after 4 weeks. The remaining animals re- 
mained tumor negative for a minimum of 5 months. 

Immunofluorescence. Cells cultured on coverslips were washed with PBS, fixed 
for 5 min with acetone-raethanol (1:1, volAfol) at -20*'C, penneabilized for 5 min 
with 1% Triton X-100 in PBS, and washed with PBS. A rabbit polyclonal anti- 
serum raised against bovine keratins (Dako, Carpinteria, Calif.) was diluted 1:10 
in 0.2% BSA in PBS and applied for 60 min at 37''C, followed by three washes 
in PBS. The coverslips were then incubated with biotin-conjugated anti-rabbit 
antibody (1:100 dilution; Amersham Corp.) for 30 min at 3T'C and were washed 
three times in PBS. Finally, the coverslips were incubated with fluorescein iso- 
thiocyanate-conjugated streptavidin (1:100 dilution; Amersham Corp.) for 30 
min at 37'C and were washed in PBS. Cell nuclei were stained with DAPI, as 
described above, and the coverslips were mounted in glycerol-gelatin (Sigma) for 
viewing by cpifluorescence. 

RNA isolation and analysis. Total cellular RNA was isolated and purified as 
described by Chomczynski and Sacchi (5). The RNA (10 jig) was size fraction- 
ated by electrophoresis through formaldehyde-agarose gels and transferred to a 
nylon membrane (Hybond N from Amersham Corp.). The membrane was hy- 
bridized to ^^P-labeled probes prepared by random oligonucleotide priming, 
washed, and exposed to XAR-5 fiUn for autoradiography as described by Ma- 
niatis ct al. (31). The ^-casein probe was the 540-bp mouse cDNA (from J. 
Rosen, Baylor CoUege of Medicine, Houston, Tex.), and the Id-1 probe was 
either the murine Id-1 cDNA (4) or the human Id-1 cDNA (14). 

RT-PCR and Southern analysis. Transcripts for murine gelatinases A (72-kDa 
MMP) and B (92-kDa MMP) were detected by RT-PCR. cDNA was synthesized 
from total RNA by using Superscript!] Reverse Transcriptasell (Gibco-BRL), 
and 100 ng was used for PCR. The 5' and 3' PCR primers were TTGAGAAG 
GATGGCAAGTATGG and ACACCITGCCATCGTTGC for gelatinase A 
GGCGTGTCTGGAGATTCGA and AGGGTCCACCTTGGTCACC for gcla- 
tmase B, and ACCACAGTCCATGCCATCAC and TCCACCACCCrGTFGC 
TGTA for GAPDH. PCR was performed in 20 mM Tris-HQ (pH 8,8)-2 mM 
MgSO4-10 mM KCl-10 mM (NH4)2SO4-0.1% Triton X-lOO-lOO jig of BSA/ 
ml-0.125 mM dcoxynucleoside triphosphates-0,8 |xM each PCR primer-0.05 U 
of Pfu DNA poIymerase/M-I by using 35 cycles for amplification of gelatinase 
cDNAs and 25 cycles for amplification of GAPDH cDNA The cycle conditions 
were 1 min of denaturation at 94*C, 1 min of annealing at 58°C and 30 s of 
extension at 72'C. For Southern analysis, one-fifth of the PCR reaction product 
was separated on a 2.1% agarose gel, transferred to a nylon membrane (Hybond 
N-t"), and hybridized with cDNA inserts labeled with ^^P by random priming. 
cDNAs encoding murine gelatinase A or B (33, 34) were a gift from Z. Werb, 
University of California, San Francisco, and the GAPDH cDNA was obtained 
from Qontech (Palo Alto, Calif.). Hybridization was carried out in 5x SSC (1 x 
SSC is 0.15 M NaQ plus 0.015 M sodium citrate), 5x Denhardt's solution, 0.5% 
sodium dodecyl sulfate, and 50% formamidc at 42*C overnight. The membranes 
were washed at a final stringency of 0.2X SSC and 0.1% sodium dodecyl sulfate 
at 68*C and were exposed to XAR-5 film for autoradiography. 

Zymography. Proliferating cells (10^ in 100-mm-diameter dishes) were shifted 
to serum-free medium for 2 to 3 days, after which they were given 10 ml of fresh 
serum-free medium. Forty-eight hours later, the conditioned medium was col- 
lected and concentrated 10- to 15-fold by using 10-kDa-cutoff fitters (Milliporc, 
Bedford, Mass.). The concentrated medium was analyzed on casein and gelatin 
substrate gels, as described by Fisher and Werb (10) and Talhouk et al. (41). 
Briefly, gels consisted of 8 to 10% polyacrylamide and 3 mg of a-casein or gelatin 
(Sigma)/ml. Concentrated conditioned medium was mixed with nonreducing 
Laemmli sample buffer and incubated at 3T'C for 15 min. After electrophoresis, 
the gels were incubated for 1 h in 2J% Triton X-100 at room temperature, 
followed by 24 to 48 h in substrate buffer (100 mM Tris-HQ [pH 7.41-15 mM 
CaQj) in the absence or presence of GM6001 (0.2 mM in DMSO; supplied by 
Glycomed Corporation and obtained from Z. Werb [12]), EDTA (10 mM), 
ort/t(>-phenanthroline (1 mM in DMSO; Sigma), PMSF (5 mM), or AEBSF (0.5 
mM; Calbiocbem). Where appropriate, control gels were incubated with buffer 
containing solvent only. The gels were stained with Coomassie blue for 30 min 
and were destained with 30% mcthanol-10% acetic acid. Caseinase and gelati- 
nase activities were visible as clear bands, indicative of proteolysis of the sub- 
strate protein. 


RESULTS 

Id-1 induces an invasive, migratory pbenotype in mammary 
epithelial cells. SCp2 mammary epithelial cells grow as a 
monolayer in 5% serum. When given lactogenic hormones and 
basement membrane ECM in serum-free medium, they arrest 
growth, form three-dimensional alveolar structures, and ex- 
press the milk protein p-casein (8). Ah^eoli formed by SCp2 
cells are stable, maintaining their structure and p-casein ex- 
pression for more than 2 weeks. Under these conditions, Id-1 
is not expressed. By contrast, SCp2 cells that constitutively 
express Id-1 form poorly compacted alveoli that become in- 
creasingly disorganized; after 6 to 8 days, cells at the periphery 
detach from the structure and synthesize DNA (9). 

Using a pooled population of SCp2 ceUs that constitutively 
express a murine Id-1 transgene (SCp2-Id-l cells) (9), we 
more precisely monitored the fate of cells that detached from 
the alveolar structure. Within 10 days, approximately 30 to 
40% of the SCp2-Id-l alveolar structures showed substantial 
disintegration. Following detachment from the alveolar struc- 
ture, SCp2-Id-l cells actively invaded and migrated through 
the surrounding ECM (Fig. 1). The migrating cells had an 
elongated nuclear morphology, compared to the rounded nu- 
clei of cells in the early stages of disaggregation. Initial detach- 
ment and invasion occurred in the absence of cell proliferation 
(Fig. lA). However, 2 to 4 days after initial detachment, SCp2- 
Id-1 cells that had migrated extensively through the ECM were 
abundant, and many of these cells synthesized DNA (Fig. IB to 
D). For the most part, DNA synthesis was evident only in cells 
that had migrated some distance from the alveolar structure. 
Thus, the initiation of invasion and migration was not due to 
resumption of growth; rather, cells resumed proliferation only 
after they had detached and migrated from the three-dimen- 
sional structure. As previously described (9), spheres com- 
prised of control ceDs transfected with the vector alone were 
veiy stable, remaining viable and morphologically unchanged 
even after more than 10 days on basement membrane ECM. 

To quantify the invasion and migration of SCp2-Id-l cells, 
they and control cells were assayed in Boyden chambers (2). 
Ceils were added to the upper portion of the chamber; condi- 
tioned medium from mouse fibroblasts, used as a source of 
chemoattractants (2), was added to the lower compartment. 
The porous filter separating the two compartments was coated 
with basement membrane ECM. After a 16- to 20-h incuba- 
tion, cells that had migrated through the ECM to the lower 
surface of the filter were fixed, stained, and counted (Fig. 2). 
The 16- to 20-h incubation time ensured that only a small 
fraction of invasive cells migrated through the filter, which in 
turn ensured that the fraction of migratory cells was small 
enough to score reliably. 

Four types of cells were compared in this assay: (i) parental 
SCp2 cells, (ii) SCp2 cells transfected with an insertless vector, 
(iii) SCp2-Id-l cells, and (iv) SCp2 cells transfected with the 
Id-1 cDNA in the antisense orientation. Of these cell types, 
only SCp2-Id-l cells were invasive. Under these assay condi- 
tions, none of the control (parental or insertless-vector) cells 
and none of the cells expressing antisense Id-1 migrated 
through the filter. By contrast, 0.7 to 1% of a population of one 
of the most invasive breast cancer cell lines (MDA-MB-231, 
previously described [43]) migrated through the filter, although 
only about 0.05% of the SCg6-transformed cells, which were 
previously shown to be invasive (28), migrated through the 
ECM to the lower surface of the filter (data not shown). In the 
case of the SCp2-Id-l cells, 0.2 to 03% migrated through the 
filter. Thus, SCp2-Id-l cells, which were transfected with a 
single gene, were 20 to 30% as invasive as one of the most 
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FIG. 1. Instability of the three-dimensional organization and loss of growth arrest of SCp2-Id-l cells. A pooled population of SCp2-Id-l cells was induced to 
differentiate for 8 (A), 10 (B), or 12 (C and D) days, [^HJthymidine was added for 24 h preceding fixation, and the cells were then stained with DAPI and processed 
for autoradiography as described in Materials and Methods. Shown arc the DAPI fluorescence and autoradiography. Depending on the batch of EHS ECM or Matrigel, 
disaggregation of the three-dimensional structures and resumption of DNA synthesis occurred 1 to 2 days earlier or later than in the experiments for which results are 
shown here. Magnification^ X3CK). 


aggressive breast cancer cell lines (which harbors multiple mu- 
tations) and four- to sixfold more invasive than their SCg6- 
transformed counterparts. 

We conclude that constitutive expression of the Id-1 gene 
can induce an invasive and migratory phenotype in nontrans- 
formed and nontumorigenic SCp2 mammary epithelial cells. 

Constitutive Id-1 expression is not sufficient for anchorage- 
independent growth or tumorigenicity. In many model systems 
of malignant transformation, unregulated expression of normal 
or activated proto-oncogenes drives cell proliferation, and in- 
vasiveness often develops subsequent to, or concomitant with, 
tumorigenicity. Although Id-1 did not appear in this regard to 
act like a typical oncogene, we nonetheless asked whether 
constitutive Id-1 expression transformed SCp2 cells, using the 
criteria of anchorage-independent growth and tumorigenicity 
in nude mice. 

We first tested the ability of the cells to grow in an anchor- 
age-independent manner. As expected, control cells and cells 
transfected with Id-1 in the antisense orientation failed to grow 
in soft agar (Fig. 3A and C). Similarly, SCp2-Id-l cells failed to 
form colonies in soft agar, remaining as single cells for at least 
14 days (Fig. 3B). It is interesting that, in soft agar, SCp2-Id-l 
cells appeared twice as large as control cells; the reason for this 
size increase is not known. Malignant TCLl cells (isolated 
from a murine mammary tumor [28]), used as a positive con- 
trol, formed large colonies after 14 days in soft agar (Fig. 3D). 
We conclude that constitutive expression of Id-1 does not 
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FIG. 2. SCp2-Id-l cells invade the ECM and migrate in a Boyden chamber, 
Parental SCp2 cells (lane 1), SCp2 cells transfected with an inserdess vector (lane 
2), SCp2-Id-l cells (lane 3)» and SCp2 cells transfected with Id-1 in the antisense 
orientation (lane 4) were plated on ECM-coated filters in Boyden chambers; the 
number of cells that migrated through the filter after 16 to 20 h was determined 
as d^cribed in Materials and Methods. Error bars indicate standard deviations 
from three or four independent fields. The data shown are from one of five 
independent e}q>eriments which showed veiy similar differences among the cell 
types. 
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induce anchorage-independent growth in SCp2 mammary ep- 
ithelial cells. 

We next tested SCp2-Id-l cells for their ability to form tu- 
mors. Cells were injected subcutaneously into nude mice. The 
positive control, TCLl cells, formed tumors (at least 1 cm^) 
within 3 weeks (Table 1). The same was true for SCg6, a cell 
line with mesenchymal and transformed properties that was 
isolated from the same population from which SCp2 ceUs were 
isolated (8) (Table 1). By contrast, neither parental SCp2 cells, 
SCp2 cells expressing the Id-1 antisense cDNA, nor SCp2-Id-l 
cells formed tumors after 5 months (Table 1). 

We conclude that constitutive Id-1 expression in SCp2 mam- 
mary epithelial cells is not sufficient to lead to the transformed 
phenolypes of anchorage-independent growth in culture and in 
vivo, despite its ability to induce an invasive phenotype. 

Isolation and characterization of cloned SCp2-Id-l cells. 
The experiments described thus far used a pooled population 
of SCp2-Id-l cells, which is heterogeneous with respect to Id-1 
expression. To eliminate this heterogeneity and better define 
the role of Id-1 in inducing an invasive phenotype, we isolated 
single-cell-derived SCp2-Id-l clones that expressed the Id-1 
transgene to varying levels. The clones were assessed for cyto- 
keratin filaments (a general characteristic of epithelial cells), 
morphology in monolayer culture, and ability to form alveolar 
structures in response to basement membrane ECM. In addi- 
tion, RNA was isolated 5 days after the cells were exposed to 
basement membrane and hormones and was analyzed for Id-1 
and p-casein mRNA. The Id-1 transgene mRNA was distin- 


guishable from the endogenous Id-1 mRNA by its slightly larg- 
er size; the endogenous transcript was barely detectable under 
these conditions (9). 

One subclone, SCp2-Id-lA cells, did not express detectable 
Id-1 transgene mRNA (Fig. 4a, lane 1). These cells grew as 
compact colonies in monolayer culture and expressed cytoker- 
atin filaments (Fig. 4b, panel B). They also differentiated sim- 
ilarly to untransfected SCp2 cells, as judged by their ability to 
express high levels of p-casein mRNA (Fig. 4a, lane 1) and 
form stable akeolar structures (data not shown), like untrans- 
fected SCp2 cells. These cells were therefore used as negative 
controls. 

SCp2-Id-lB and SCp2-Id-lC cells expressed moderate lev- 
els of the Id-1 transgene, which were below the levels of Id-1 


TABLE 1. SCp2-Id-l cells are not tumorigcnic" 

^ ,, No. of tumorsyno. of 

^" ^ sites injected (time) 

TCLl 4/4 (after 3 wk) 

SCg6 4/4 (after 3 wk) 

SCp2 0/4 (after 5 mo) 

SCp2-antisense Id-1 0/4 (after 5 mo) 

SCp2-Id-l 0/4 (after 5 mo) 

" Cells (4 X 10^ per site) were injected into two sites per animal, and two 
animals were used for each cell type, as described in Materials and Methods. The 
tumors that developed were at least 1 cm^. 
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FIG. 4. Characterization of SCp2 cell clones expressing constitutive Id-1. (a) SCp2-Id-l cells were plated at limiting dilution, and five independent clones 
(SCp2-Id-lA through SQ)2-Id-1E) were isolated and amplified. Cells from each of these clones were eiqxised to basement membrane and hormones for S days and 
were analyzed for expression of the Id-1 transgene and ^-case^n mRNA, as described m Materials and Methods. Shown are the autoradiogram of the Northern blot 
and the ethidium bromide-stained Northern gel made to confirm RNA integrity and quantitation. Lane 1, SCp2-Id-lA; lane 2, SC^2-Id-lB; lane 3, SCp2-Id-lQ lane 
4, SCp2-Id-lD; lane 5, SCp2-Id-lE. (b) SCp2-Id-lA (A and B) and SCp2-Id-lE (C and D) cells were grown in monolayer culture, fixed, and stained with DAPI (A 
and C) or processed for immunofluorescence by using a pan-keratin antibody (B and D), as described in Materials and Methods. 


mRNA expressed by proliferating control cells. These cells 
expressed lower levels of p-casein mRNA than SCp2-Id-lA 
ceDs (Fig. 4a, lanes 2 and 3), but they expressed cytokeratin 
filaments and formed alveolar structures (data not shown). 

Finally, SCp2-Id-lD and SCp2-Id-lE cells expressed high 
levels of the Id-1 transgene and undetectable levels of p-casein 
(Fig. 4a, lanes 4 and 5). In monolayer culture, SCp2-Id-lE 
ceils were less cuboidal and grew as more-dispersed entities 
than SCp2-Id-lA cells (Fig. 4b, panels C and D). Their failure 
to express p-casein was not due to a loss of epithelial charac- 
teristics. SCp2-Id-lE cells, which expressed the highest levels 
of Id-1, as well as SCp2-Id-lD cells (data not shown), ex- 
pressed cytokeratin filaments (Fig. 4b, panel D). However, 
SCp2-Id-lD and SCp2-Id-lE cells, like the pooled SCp2-Id-l 
cells, formed only loose alveolar structures, from which they 
eventually detached and invaded the ECM (see Fig. 7) (data 
not shown). 

These results confirm in cloned populations that mammary 
epithelial cells constitutively expressing Id-1 do not undergo a 
complete epithelial-to-mesenchymal transition; they retain some 
epithelial-cell characteristics (such as keratin expression) but 
fail to functionally differentiate and to maintain three-dimen- 
sional organization on the ECM. SCp2-Id-lA and SCp2-Id-lE 


cells, which express undetectable and high levels of the Id-1 
transgene, respectively, were used for further studies. 

A potentially novel metalloproteinase is secreted by Id-1- 
expressing cells. The ability of SCp2-Id-l cells to invade the 
ECM suggested that Id-1 might induce expression of ECM- 
degrading proteases. The major classes of proteases that de- 
grade ECM are serine, cysteine, and aspartyl proteases, and 
metalloproteinases (10). The Zn^"^ -containing, Ca^**" -stabilized 
MMPs are of particular interest because they are implicated in 
the remodeling of the manunary gland during involution (29, 
41) and the initial steps of tumor-cell invasion (25). Of the 
major MMPs, interstitial collagenase (56 kDa) and gelatinases 
A (72 kDa) and B (92 kDa) are detectable on gelatin substrate 
gels, whereas stromelysins (57 kDa for stromelysin-1) and ma- 
trilysin (30 kDa) are detectable on casein substrate gels (re- 
viewed by Fisher and Werb [10]; see also reference 22). 

We examined the secretion of proteases by SCp2-Id-lA and 
SCp2-Id-lE cells, using conditioned medium and gelatin or 
casein substrate gel zymography. Cells were incubated in se- 
rum-free medium for 3 days prior to collection of conditioned 
medium for zymography. Under these conditions, the endog- 
enous Id-1 gene is not expressed (9), and SCp2-Id-lA and 
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FIG. 5. Expression of a 120-kDa gelatinase by Id-1 -expressing mammary epithelial cells. (A) Gelatin zymogram of conditioned media from SCp2-Id-lA (lane 1) 
and SCp2-Id-lE (lane 2) cells. Cells were cultured in serum-free medium, and conditioned media were harvested and analyzed on a gelatin substrate gel, as described 
in Materials and Methods. (B) Gelatin zymogram of conditioned media from SCp2-Id-lA cells either growth arrested by serum deprivation (lane 1) or growing in 5% 
serum (lane 2). (C) Gelatin zymogram of conditioned media from control SCp2 cells (lane 1) and an uncloned SCp2-Id-l-transfected pooled population (lane 2). Cells 
were cultured in serum-free medium. (D) Gelatin zymogram of SCp2-Id-lA (lanes 1, 3, and 5) and SCp2-Id-lE (lanes 2, 4, and 6) cell-conditioned media incubated 
with DMSO (lanes 1 and 2), the MMP inhibitor GM6001 (0.2 mM in DMSO) (lanes 3 and 4), or the serine proteinase inhibitor PMSF (5 mM in DMSO) (lanes 5 and 
6). (E) Casein zymogram of conditioned media from SCp2-Id-lA (lanes 1 and 3) and SCp2-Id-lE (lanes 2 and 4) cells incubated with DMSO (lanes 1 and 2) or 
GM6001 (lanes 3 and 4). In panels A through D, arrows mark the positions of the 120-kDa MMP. 


SCp2-Id-lE express undetectable and high levels of the Id-1 
transgene, respectively. 

Gelatin substrate gels showed that SCp2-Id-lA and SCp2- 
Id-IE cells differed only in the secretion of a high-molecu- 
lar-mass (approximately 120-kDa) gelatinase. The 120-kDa 
gelatinase was abundantly expressed by serum-deprived SCp2- 
Id-IE cells (Fig. 5A, lane 2) as weU as SCp2-Id-lD ceUs (data 
not shown). Secretion of this 120-kDa gelatinase was not due 
to clonal variation. Conditioned medium from the uncloned 
SCp2-Id-l pooled population also showed a gelatinase of 
-^120 kDa (Fig. 5C, lane 2). This gelatinase was undetectable 
m serum-deprived SCp2-Id-lA (Fig. 5 A, lane 1) and control 
SCp2 (Fig. 5C, lane 1) ceils. Thus, secretion of a 120-kDa 
gelatinase correlated with Id-1 expression. 

Secretion of the 120-kDa gelatmase correlated with expres- 
sion of the endogenous Id-1 gene as well as with that of the 
Id-1 transgene. Thus, the 120-kDa proteinase was secreted by 
SCp2-Id-lA ceDs (in which expression of the Id-1 transgene is 
undetectable) while they were proliferating in monolayer cul- 
ture (Fig. 5B, lane 2). Under these conditions, the endogenous 
Id-1 gene is expressed at high levels (9). 

The 120-kDa gelatinase had characteristics of an MMP. It 
was sensitive to the MMP inhibitors GM6001 (Fig. 5D, lane 4), 
EDTA, and ort/io-phenanthroline (data not shown). By con- 
trast, it was insensitive to the serine protease inhibitors PMSF 
(Fig. 5D, lane 6) and AEBSF (data not shown). The 120-kDa 
MMP appeared to be the only MMP secreted by Id-1 -express- 
ing cells. The two gelatinases with apparent molecular sizes of 
70 and 90 kDa, which were expressed by both SCp2-Id-l A and 
SCp2-Id-lE cells, were not inhibited by any of the MMP in- 
hibitors GM6001 (Fig. 5D, lane 4), ort/ia-phenanthroline, and 
EDTA (data not shown), and therefore neither is likely to be 
gelatinase A or B. 

Casein substrate gels showed one major caseinase of approx- 
imately 50 kDa that was expressed by both SCp2-Id-lA and 
SCp2-Id-lE cells. This protease was not inhibited by the me- 


talloproteinase inhibitor GM6001 (Fig. 5E). Therefore, it is 
most likely not the metalloproteinase stromelysin-1. 

To definitively rule out the possibility that gelatinases A and 
B were expressed in SCp2 cells, as well as the possibility that 
the 120-kDa MMP was a complex between gelatinase B and its 
carrier protein (21), we analyzed RNA by PGR and Southern 
blotting for gelatinase-A and -B mRNAs. SCp2-Id-lA cells, 
which do not express the Id-1 transgene, SCp2-Id-lE cells, 
which express high levels of the Id-1 transgene, and the mes- 
enchyme-like mammary SCg6 cells were deprived of serum for 
3 days before RNA was extracted and synthesized into cDNA 
for PGR analysis (Fig. 6). The 326-bp PGR product expected 
from the gelatinase-A cDNA and the 190-bp product expected 
for the gelatinase-B cDNA were detected only in SGg6 cells 
(Fig. 6, lane 3). We conclude that SGp2 cells, whether or not 
they express Id-1, do not express gelatinase A or B and that 
therefore the 120-kDa gelatinase is not a gelatinase B-contain- 
ing complex (21). 

We conclude that SGp2 mammary epithelial cells secrete a 
single detectable MMP, having an apparent molecular size of 
120 kDa, when they express Id-1. This MMP does not belong 
to the stromelysin subclass of MMPs, which degrades casein, 
but rather is a type IV collagenase MMP family member and 
thus degrades gelatin, a denatured collagen. 

The Id-l-related MMP is essential for the invasive pbeno- 
type of SCp2 cells. Because the 120-kDa MMP appears to be 
the only proteinase whose secretion correlates with Id-1 ex- 
pression, and constitutive Id-1 expression renders cells inva- 
sive, we explored the possibility that this MMP is critical for 
the invasive phenotype of mammary epithelial cells. 

We first tested the abilities of SGp2-Id-l A and SCp2-Id-lE 
cells to invade basement membrane EGM in a Boyden cham- 
ber invasion assay (Fig. 7). SGp2-Id-lA cells, like untrans- 
fected SGp2 cells (Fig. 2), were not invasive, or only minimally 
invasive, in this assay (Fig. 7). Under the assay conditions, the 
endogenous Id-1 gene is not expressed and SGp2-Id-lA cells 
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FIG. 6. SCp2 cells do not express gelatinase A or B. SCp2 cells were serum 
deprived for 3 days before RNA was extracted, transcribed into cDNA, and an- 
alyzed by PGR for gelatinase- A and -B cDNA sequences, as described in Mate- 
rials and Methods. Arrows indicate the positions of the amplified products for ge- 
latinases A and B and the control gene, encoding GAPDH. Lane 1, SCp2-Id-lA 
cells; lane 2, SCp2-ld-lE cells; lane 3, SCg6 cells; lane 4, no cDNA control. 


express undetectable levels of the Id-1 transgene. By contrast, 
SCp2-Id-lE cells, like uncloned SCp2-Id-l cells (Fig. 2), were 
demonstrably invasive under the same conditions, consistent 
with the high levels of the Id-1 transgene expressed by these 
cells. 

To test the role of the 120-IdDa MMP in the invasive phe- 
notype induced by Id-1, we used MMP inhibitors in the inva- 
sion assay. We first tested the toxicities of two compounds, 
GM6001 and phenanthroline. SCp2 cells were treated with 
either compound, the solvent (DMSO), or nothing for the 
duration of the invasion assays (20 h), and viability was as- 



FIG. 7. The invasive phenotype of Id-l-expressing cells is repressed by an 
MMP inhibitor. SCp2-Id-lA cells in 0J% DMSO (lane 1), SCp2-Id-lE cells in 
0.5% DMSO (lane 2), and SCp2-Id-lE cells in GM6001 (200 jjlM; 0.5% DMSO) 
(lane 3) were plated on ECM-coated filters in Bc^den chambers, and the num- 
bers of cells that migrated through the membrane after 16 to 20 h were deter- 
mined as described in Materials and Methods and the legend to Fig. 2. Error bars 
indicate standard deviations from three to four independent fields; the data 
shown are from one of three independent experiments. 
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FIG. 8. Correlation between expression of the 120-kDa gelatinase and Id-1 in 
vivo. Cell extracts were prepared from lactating and involuting glands (as de- 
scribed by Talhouk et al. [41]) and analyzed by gelatin zymography. In the upper 
panel, the arrow marks the position of the 120-kDa gelatinase. RNA was isolated 
from mammary glands at the same stages and analyzed on Northern blots for 
Id-1 mRNA (middle panel). Lane 1, day 9 of lactation; lanes 2 through 5, days 
1, 2, 3, and 4 of involution, respectively. The ethidium bromide-stained gel is 
shown in the lower panel to confirm RNA integrity and quantitation. 


sessed by trypan blue exclusion. There were no differences in 
viability among untreated, DMSO-treated, and GM6001-treat- 
ed cells (data not shown). By contrast, all the phenanthroline- 
treated cells died within 20 h of treatment. We therefore used 
GM6001 in the invasion assay. GM6001 reduced the invasive- 
ness of SCp2-Id-lE cells about fourfold (Fig. 7, lane 3). Be- 
cause the 120-kDa gelatinase is the only detectable MMP ex- 
pressed by these cells, this result suggests that much of the 
invasive phenotype induced by Id-1 can be attributed to the 
120-kDa MMP. 

Id-1 and the 120-kDa gelatinase are expressed during mam- 
mary gland involution. In studying proteases during mouse 
- mammary-gland development, Talhouk et al. (41) described a 
gelatinase having a molecular size greater than 110 kDa that 
was not expressed during lactation (Fig. 8, top panel, lane 1) 
but was expressed during the early stages of involution (days 1 
and 2 [lanes 2 and 3], declining by day 3 [lane 4]). The identity 
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FIG. 9. Id-1 expression in nine human breast cancer cell lines. Cells were 
cultured in serum-free medium for 2 days before RNA was extracted and sub- 
jected to Northern blotting. The blots were then hybridized with a human Id-1 
cDNA probe. Hybridization to the 28S rRNA is also indicated. 


or function of this gelatinase was not determined or discussed. 
To explore the possibility that this gelatin-degrading protein- 
ase may be the 120-kDa MMP expressed by Id-1 -expressing 
cells, we isolated RNA from lactating and involuting mouse 
mammary glands and measured Id-1 expression by Northern 
analysis (Fig. 8, lower panels). Id-1 mRNA was undetectable in 
the lactating gland (lane 1) but was highly expressed early in 
involution (day 1 and 2 [lanes 2 and 3]); Id-1 expression began 
to decline by the 3rd day of involution (lane 4). Thus, the 
correlation between the expression of Id-1 and a 120-kDa 
gelatinase observed in mammary epithelial-cell cultures is also 
seen in the intact mammary gland during involution. 

Id-1 and 120-kDa gelatinase expression in invasive human 
breast cancer cells. Our finding that ectopic Id-1 expression 
induced a 120-kDa gelatinase and an invasive phenotype in 
mouse mammary epithehal cells suggested that Id-1 and its as- 
sociated gelatinase could, at least in some instances, contribute 
to human breast cancer progression. To begin to explore this 
possibility, we examined human breast cancer cell lines exhib- 
iting varying degrees of invasiveness in culture and in vivo. 

We examined four differentiated, essentially noninvasive 
breast cancer cell lines, T47D, MCF-7, ZR75-1, and SKBR-3 
(43), and five poorly differentiated and invasive cell lines, 
Hs578T, BT-549, MDA-MB-231, MDA-MB-436, and MDA- 
MB-435 (27, 30, 43, 50) (Fig. 9). These cell lines have been 
evaluated for invasiveness in culture, by using the Boyd en 
chamber assay (2), and in vivo, by using metastatic tumor 
formation in nude mice (43). By both assays (under serum-free 
and/or estrogen-free conditions), T47D, MCF-7, ZR75-1, and 
SKBR-3 cells were noninvasive. By contrast, Hs578T, BT-549, 
and particularly MDA-MB-231, MDA-MB-436, and MDA- 
MB-435 cells were highly invasive by both assays. We con- 
firmed the reported invasive potentials of these cells, using the 
Boyden chamber assay (data not shown). 

When cells were cultured in serum-free medium for 2 days, 
Id-1 mRNA was undetectable in the noninvasive T47D, MCF- 
7, ZR75-1, and SKBR-3 cells (Fig. 9, lanes 1, 2, 6, and 7) but 
was easily detectable in the highly invasive MDA-MB-231, 
MDA-MB-436, and MDA-MB-435 cells (Fig. 9, lanes 5, 8, and 
9). Of the other invasive cells, Hs578T expressed low levels of 
Id-1 mRNA (Fig, 9, lane 3), whereas Id-1 mRNA was unde- 
tectable in BT-549 (Fig. 9, lane 4). Thus, the invasive potential 
of the human breast cancer cell lines MDA-MB-231, MDA- 
MB-436, MDA-MB-435, and, to a lesser extent, Hs578T could, 
at least in part, derive from unregulated expression of Id-1 and 
its associated 120-kDa gelatinase. 


Consistent with this idea, a 120-kDa gelatinase was detected 
in conditioned media from the invasive cells that expressed 
Id-1 (Hs578T, MDA-MB-231, MDA-MB-436, and MDA-MB- 
435; Fig. 10, lanes 3, 5, 8, and 9, respectively). This gelatinase 
was not detected in conditioned media from the noninvasive 
cell lines T47D, MCF-7, ZR75-1, and SKBR-3 (Fig. 10, lanes 
1, 2, 6, and 7) or from the invasive cell line that did not express 
Id-1 (BT-549; Fig. 10, lane 4). The 120-kDa gelatinase ex- 
pressed by the human breast cancer cells comigrated with the 
120-kDa gelatinase expressed by Id-l-transfected SCp2 cells 
(Fig. 10, lane C). As previously reported (1), the 72- and/or 
92-kDa gelatinases were detected in most of these human cell 
lines, whether or not they were invasive. Despite the secretion 
of these gelatinases by the cells, only the 120-kDa gelatinase- 
expressing cells were invasive in the Boyden chamber invasion 
assay (reference 43 and data not shown). The exception was 
the invasive BT-549 cell line, which neither expressed Id-1 
mRNA nor secreted the 120-kDa gelatinase. BT-549 cells ex- 
press many MMPs (by zymography), including high levels of 
membrane type 1 MMPs (11). 

Thus, among nine human breast tumor cells examined, only 
Id-l-expressing cells also expressed the 120-kDa gelatinase, 
and all Id-l-negative cells failed to express the 120-kDa gela- 
tmase. Moreover, the Id-1- and 120-kDa gelatinase-expressing 
cells were all invasive in culture and in vivo. 

DISCUSSION 

The manmiary gland is one of the few organs that undergo 
striking morphological and functional changes during adult 
life, particularly during pregnancy, lactation, and involution. In 
both humans and mice, fetal, virgin adult, and pregnant mam- 
mary glands undergo extensive temporal and spatial remodel- 
ing, which entails invasion, migration, and relocation of cells to 
generate the ductal and alveolar structures of the gland. Once 
lactation is terminated, there is additional and extensive tissue 
remodeling as the gland returns to its resting state. In recent 
years, progress has been made in elucidating the mechanisms 
that regulate mammary gland-specific gene expression and the 
transformation of mammary epithelial cells to malignancy (3, 
39). However, much less is known about the mechanisms, par- 
ticularly the transcriptional mechanisms, that regulate the de- 
velopment and remodeling of the normal manmiary gland. 

SCp2 cells as a model for normal mammaiy epithelial cells. 
SCp2 is an immortal murine cell line that nonetheless ex- 
presses many characteristics of epithelial cells in the pregnant 
and lactating mammary gland. SCp2 cells proliferate in mono- 
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FIG. 10. Expression of a 120-kDa gelatinase in Id-1 -positive cells. Serum- 
free conditioned media from SCp2-Id-l transfected cells (lane C [control]) and 
nine human breast cancer cell lines (lanes 1 to 9) were analyzed by gelatin 
zymography. 
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layer culture in response to serum growth factors but arrest 
growth, form alveolar structures, and express milk proteins in 
response to lactogenic hormones and basement membrane 
components. Arrested growth is necessary, but not sufficient, 
for differentiation. The differentiation of SCp2 cells in culture 
is remarkably similar to the differentiation of mammaiy epi- 
thelial cells in vivo (8). Here, we extend this similarity to ex- 
pression of a 120-kDa MMP that appears to be controlled by 
Id-1, a negative regulator of bHLH transcription factors (4). 

Id-1 as a negative regulator of mammary epithelial-cell dif- 
ferentiation. During proliferation, but not during arrested 
growth or differentiation, SCp2 cells express Id-1. The expres- 
sion of Id-1 and that of the milk protein ^-casein are inversely 
correlated in cultured SCp2 cells (9), as well as in the mam- 
mary gland in virgin, pregnant, and lactating mice (9a). Indeed, 
Id-1 is a negative regulator of the functional differentiation 
of SCp2 cells. When constitutively expressed, Id-1 prevents 
the strong cell-cell contacts typical of differentiated cells and 
blocks milk protein expression. Although the precise mecha- 
nism by which Id-1 inhibits differentiation is not known, it is 
clear that it does not act by preventing the growth arrest in- 
duced by hormones and ECM (9). 

Id-1 is presumed to repress differentiation by inhibiting one 
or more bHLH transcription factors. By analogy with the role 
of bHLH proteins in the differentiation of muscle, neuronal, 
and lymphoid cells (24, 40, 47), bHLH transcription factors 
may be required for differentiation-specific gene expression in 
the mammary gland. However, our results suggest an addi- 
tional role for bHLH proteins in the mammaiy gland: repres- 
sion of a 120-kDa MMP, whose activity permits the epithelial 
cells to migrate and invade the ECM. 

An Id-l-regulated gelatinase expressed by mammaiy epithe- 
lial cells. Id-1 expression, whether originating from the endog- 
enous gene or a transgene, correlated strongly with the expres- 
sion of a 120-kDa gelatinase having the characteristics of an 
MMP. This protease appeared to be the only metalloprotein- 
ase expressed by SCp2 mammary epithelial cells. The well- 
characterized MMPs stromelysin and gelatinases A and B (72- 
and 92-kDa type IV collagenases) were not expressed by SCp2 
cells. By contrast, gelatinases A and B were expressed by SCg6, 
a stroma-like cell line derived from the same culture from 
which SCp2 cells were cloned (8). SCg6 cells also express 
stromelysin-1 (28). These findings suggest that the expression 
of stromelysin and gelatinases A and B during involution of the 
manmiary gland may derive from the nonepithelial cells in the 
tissue (29). 

The epithelial cells of the mammaiy gland, on the other 
hand, may express the 120-kDa MMP. Talhouk et al. (41) de- 
scribed a gelatinase with an apparent molecular size exceeding 
110 kDa that was expressed during the early stages of involu- 
tion. We found that Id-1 mRNA was not expressed during 
lactation, when the 120-kDa gelatinase is undetectable, but was 
expressed early in involution (days 1 and 2). We suggest that 
this gelatinase may be the 120-ldDa MMP identified in Id-1- 
expressing SCp2 cells. Thus, there is a correlation between Id-1 
expression and secretion of a 120-kDa gelatinase in vivo, as 
well as in cultured cells. 

The Id-l-regulated gelatinase is critical for epithelial-cell 
invasiveness. SCp2 cells arrest growth when in contact with 
basement membrane ECM. Under these conditions, Id-1 is not 
expressed, the cells maintain strong contacts, and they do not 
invade the surrounding ECM (9). Constitutive Id-1 expression 
did not prevent the growth arrest but conferred an invasive 
phenotype on the cells. Only after Id-l-expressing SCp2 cells 
had invaded the ECM did they resume proliferation. Thus, 
Id-1 appeared to be a regulator of the invasive phenotype ra- 


ther than a stimulator of cell proliferation per se. This invasive 
phenotype, in turn, appeared to depend primarily on the 120- 
kDa gelatinase (MMP). This MMP was the only detectable tar- 
get of GM6G01, a nontoxic MMP inhibitor (12), and GM6001 
effectively inhibited the invasive phenotype of Id-l-expressing 
cells. Thus, Id-1 and its related 120-kDa MMP were key reg- 
ulators of the invasive phenotype of SCp2 cells. During invo- 
lution, the Id-l-associated MMP may participate in remodeling 
the gland in vivo. We suggest that Id-1 and its related MMP 
may be key regulators of the transient invasive phenotype 
acquired by the epithelial cells during certain stages of normal 
mammary-gland development and remodeling. 

Id-1 and the 120-kDa gelatinase in tumor cell invasion. The 
invasive phenotype induced by Id-1 was not the result of ma- 
lignant transformation. Id-l-expressing SQ)2 cells did not grow in 
an anchorage-independent manner and did not form detect- 
able tumors in nude mice. Thus, Id-1 differs from oncogenes 
such as v-Ha-ras, which converts mouse mammaiy epithelial 
cells into invasive but also tumorigenic cells (13). Furthermore, 
Id-1 did not induce an invasive phenotype by converting cells 
to a stromal or mesenchymal phenotype. Id-l-expressing SCp2 
cells maintained their epithelial characteristics, such as keratin 
expression, and did not express stromal MMPs. Thus, the ac- 
tion of Id-1 differs from that of genes of the ets family. c-Ets, 
a transcription factor expressed by stromal fibroblasts, pro- 
motes epithelial tumor cell invasion (48) by inducing stromal 
MMPs such as stromelysin-1. ElAF, a new member of the ets 
family, induces an invasive and migratoiy phenotype in human 
MCF-7 breast cancer cells (19), presimiably by inducing gela- 
tinase B as weU as stromelysin-1. 

Although the Id-1 -induced invasive phenotype was not a 
consequence of malignant transformation, our results with hu- 
man breast cancer cells suggest that constitutive Id-1 expres- 
sion, and its associated 120-kDa gelatinase, may play a role in 
the invasive phenotype of at least some aggressive human 
breast tumors. We hypothesize that Id-1 and the 120-kDa 
gelatinase may constitute a thus far unrecognized pathway for 
tumor cell invasion. A very recent report (32) suggests that the 
Id-l-120-kDa gelatinase pathway we describe here may be of 
substantial clinical importance. In that report, a gelatinase of 
approximately the same size as the one described here was 
detected in urine from metastatic breast cancer patients but 
not in urine specimens from patients with other types of can- 
cer. The authors acknowledge that the identity of this gelati- 
nase is as yet unknown but suggest that it might serve as a 
predictor of metastatic breast cancer. By contrast, the 72- and 
92-kDa gelatinases detected in urine were suggested to serve as 
predictors of organ-confined cancers. These suggestions are 
consistent with our results showing that the 72- and/or 92-kDa 
gelatinase is expressed by differentiated and noninvasive hu- 
man breast cancer cells, whereas the 120-kDa gelatinase is 
expressed only in invasive breast cancer cells. 

In conclusion, we propose that Id-1 regulates the invasive 
phenotype of breast epithelial cells, in part through the activity 
of a 120-kDa gelatinase, during normal mammary-gland devel- 
opment and remodeling. Although this phenotype is not nec- 
essarily linked to tumorigenesis, it may well be reactivated 
during progression toward malignancy in some breast cancers, 
for example, during the transition from an in situ to an invasive 
carcinoma. We do not yet know whether Id-1 induces the 
120-kDa gelatinase by directly inactivating a bHLH repressor 
of the gene or whether it acts indirectly by altering the expres- 
sion of other genes. We are ciurently attempting to clone the 
120-kDa gelatinase in order to answer these questions. 
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1. Real Party in Interest 


The real parties in interest are The Regents of the University of California and the 
United States Government. 

2. Related Appeals and Interferences 

There are no known related appeals (or interferences). 

3. Status of Claims 

Pursuant to Final Office Action dated July 24, 2003, claims 1-8, 22-24, 29 and 30 
are pending in the application, and these claims are all finally rejected. Claims 9-21 and 
25 were earlier cancelled without prejudice pursuant to a restriction requirement. Claims 
29 and 30 were added by amendment dated August 15, 2002. 

Appeal Brief 2 Lawrence Berkeley National Laboratory 

US Patent Application No.: 09/652,493 Docket No. IB-1398 


4. Status of Amendments 

All Amendments have been entered. 

5. Summary of Invention 

The present invention is directed to the finding by applicants that a previously 
unrecognized fragment of a-dystroglycan, having an Mr of 120-130kD, is shed from cells 
having tumorigenic properties. 

Dystroglycan was originally identified in skeletal muscle as a component of the 
dystrophin-glycoprotein complex. It is composed of a- and P-subunits which are encoded 
by a single gene, and cleaved into two proteins by posttranslational processing. 
Dystroglycan is an extracellular peripheral membrane glycoprotein anchored to the cell 
membrane by binding to a transmembrane glycoprotein, p-dystroglycan. Normal a 
dystroglycan has a molecular weight of about 180 kD. Dystroglycan spans the 
sarcolenuna (muscle fiber membrane) and its known function is to provide a connection 
between the extracellular matrix and the cytoskeleton. Dystrophin deficiency causes a 
drastic reduction of the dystroglycan complex in the sarcolenmia and, thus, loss of 
linkage between the subsarcolenmial cytoskeleton and the extracellular matrix, eventually 
leading to muscle cell death in Duchenne muscular dystrophy. 

The present application extends previous research from the laboratory of the 
present inventors, as illustrated in Attachment 1, Lelievre et al. "Tissue phenotype 
depends on reciprocal interactions between the extracellular matrix and the structural 
organization of the nucleus," Proc. Acad. Sci. 95:14711-14716 (Dec. 1998). That is, 
investigations have shown certain links between tumorgenic phenotypes and properties 
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on the outside of cells, rather than genetic changes on the inside of cells. The present 
work is consistent with that theme in that the conventional role of dystroglycan involves 
interaction with the extracellular matrix, rather than a role in growth control. 
Specifically, the present work is directed to a newly found behavior of a dystroglycan in 
cancer cells. Fig. 1 illustrates this by showing an SCg6 manmiary carcinoma cell 
supernatant having a distinct band in the 120-130kD region, representing a shed a- 
dystroglycan fragment. (SCg6 is known to be a tumorigenic cell line. See Attachment 
2.). To detect the present 120-130kD fragment, one may use a cell medium assay (using 
the disclosed antibody IIH6 on p. 16 of the Specification) or use a cellular assay to 
determine the existence and extent of this shedding. The degree to which the a- 
dystroglycan on a cell surface has been cleaved and shed into the medium correlates with 
the tumorigenicity of the cell. In Fig. 2, it is shown that 5 of 8 tumor cell lines tested 
lacked detectable cell surface a-dystroglycan. 

Accordingly, the present claims are directed to methods of detecting the shedding 
of the 120-130 kD fragment. 

6. Issues 

The presently outstanding final office action sets forth one rejection, raising the 
following issues: 

A. Are Claims 1-8, 22-23, 29 and 30 enabled by the specification? 

B. Does Dr. Campisi's Declaration constitute objective evidence that the specification 
contains sufficient guidance to enable one of ordinary skill in the art to make and use the 
claimed invention(s)? 
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C. Is undue experimentation required for assessing whether detection of a dystroglycan 
fragments correlates with tumor growth and tumorigenicity because it requires analysis of 
a large quantity of clinical samples to determine whether or not shedding of said 
fragments occurs at all in vivo and detection of said fragments is indicative of tumor 
growth and potential tumorigenicity? Since a large number of clinical samples is required, 
is it proper to require Applicants to submit "evidence showing that detection of a 
dystroglycan fragment in blood is correlated with tumor growth and/or potential 
tumorigenicity in vivo in order to obviate this rejection"? (See Final Office Action, 
page 3, end of first paragraph.) 

7. Grouping of Claims 

Insofar as the rejection is directed to a lack of "objective evidence" that shedding 
of the present a dystroglycan fragment is correlated to tumorigenicity all of the claims on 
appeal stand or fall together because they speak to shedding of the fragment in vivo. 
Claim 1 contains the phrase "whereby the presence of the fragment indicates higher 
potential tumorigenicity." Claim 22 contains the phrase "positively correlated with tumor 
cell growth." For purposes of the present appeal, these phrases are believed to raise the 
same issue. 

8. Arguments 

A. The claims are enabled. 

Firstly, the question of enablement is directed to whether or not undue 
experimentation is required to make and use the claimed invention. There is no doubt in 
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this case that one of ordinary skill can make the presently claimed invention. What is in 
dispute is whether or not the use of the invention will have the beneficial result referred to 
in the claims, i.e. assessment of tumorigenic potential. The present method may not be a 
fully developed method immediately suitable for clinical use, but it has sufficient utility 
to meet the requirements of 35 USC 101. The Examiner doubts the assertions made 
throughout the specification by the inventors, both Ph.D. scientists doing full time 
research in this field. See inventors' CV's attachment 3 and attachment 4. 

As stated in MPEP 2164.04, 


In order to make a[n enablement] rejection, the examiner has the initial 
burden to establish a reasonable basis to question the enablement provided for 
the claimed invention. In re Wright, 999 F.2d 1557, sought to 1562, 27 USPQ2d 
1510, 1513 (Fed. Cir. 1993) (examiner must provide a reasonable explanation as 
to why the scope of protection provided by a claim is not adequately enabled by 
the disclosure). A specification disclosure which contains a teaching of the 
manner and process of making and using an invention in terms which 
correspond in scope to those used in describing and defining the subject matter 
be patented must be taken as being in compliance with the enablement 
requirement of 35 U.S.C. 112, first paragraph, unless there is a reason to 
doubt the objective truth of the statements contained therein which must be 
relied on for enabling support. Assuming that sufficient reason for such doubt 
exists, a rejection for failure to teach how to make and/or use will be proper on 
that basis. In re MarzocchU 439 R2d 220, 224, 169 USPQ 367, 370 (CCPA 
1971). As stated by the court, "it is incumbent upon the Patent Office, whenever 
a rejection on tiiis basis is made, to explain why it doubts the truth or accuracy 
of any statement in a supporting disclosure and to back up assertions of its own 
with acceptable evidence or reasoning which is inconsistent with the contested 
statement. Otherwise, there would be no need for the applicant to go to the 
trouble and expense of supporting his presumptively accurate disclosure." 439 
F.2d at 224, 169 USPQ at 370. (emphasis supplied in bold). 

In this case, no reason to doubt Applicants' assertions has been presented. 
Arguments that there may be cases where normal cells shed the a-dystroglycan fragment 
are pure speculation. 


Appeal Brief 

US Patent Application No.: 09/652,493 


6 


Lawrence Berkeley National Laboratory 
Docket No. IB-1398 


B. The Declaration of Dr. Judith Campisi provides objective evidence that the 
claims are enabled. 

Dr. Judith Campisi is a Senior Staff Scientist at Lawrence Berkeley National 
Laboratory. She has no interest in the present patent application other than common 
employment with the present inventors. In her declaration of May 5, 2003, she states: 

5. hi my experience, a number of in vitro cell culture models 
are generally recognized in the art as correlating to in vivo 
conditions of tumorigenicity or tumorigenic potential. The 
three dimensional basement membrane assay, employed in the 
present apphcation, is especially well regarded as predictive of 
in vivo cell growth behavior of tumor cells. Furthermore, the 
present specification describes nude mouse experiments that 
further confirm the correlation between the present in vitro 
assay and in vivo results. The present specification provides 
working examples describing the detection of the 120-130 kD a 
dystroglycan fragment in cell culture medium. It further 
provides results from a reasonable number of cell lines to show 
the correlation between shedding of this fragment in vitro and 
potential tumorigenicity, as represented in Fig. 2 of the 
specification. In this particular case, I believe that it is 
scientifically credible and plausible to extrapolate the detection 
of a shed dystroglycan fragment found in cell culture medium 
to the ability to find that same fragment, using similar 
techniques, in the blood or other tissue of a hving animal, 
including a human. Furthermore, the teachings of the present 
specification support this expectation. I have reviewed the 
inventors' follow up paper, Muschler et al., "A Role for 
Dystroglycan in Epithelial Polarization: Loss of Function in 
Breast Tumor Cells," Cancer Research 62:7102-7109 (Dec. 
2001), and note that they have obtained in vivo data in nude 
mice that correlate with their in vitro work. The nude mouse 
model is generally accepted as a model predictive of human 
tumor cell behavior. 

6. I have reviewed the inventor's conclusions in the 
specification, in particular the discussion of the shedding of a 
dystroglycan fragments in hyperplasia and tumor cell growth. 
Specifically, I have read the following: 
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"Because a and P dystroglycan are translated as a single 
polypeptide, it was surprising that a dystroglycan was not 
detected on the cell surface of many cells when p dystroglycan 
was present. We concluded that, by some mechanism, a 
dystroglycan was being shed from the cell surface." (Page 11, 
first paragraph). 

"We believe a dystroglycan shedding occurs principally in 
cells that are reorganizing and growing. Little of such activity 
occurs in adult tissues, except in cases like the normal 
processes of manmiary gland development, and perhaps 
angiogenesis. However, such activity would occur on a large 
scale during hyperplasia or tumor cell growth and the 
accompanying angiogenesis. a Dystroglycan is shed in two 
forms, one which binds laminin and a smaller portion with no 
known binding activity. An assay that detects a dystroglycan 
proteolysis would be an assay for the detection of tissue re- 
organization and cell growth." (Page 13-14) 

7. I believe that the weight of scientific evidence favors the 
statements quoted in Paragraph 6, rather than raising doubt as 
to the truth of these statements. The reference to "tissue re- 
organization and cell growth" also applies also to "potential 
tumorigenicity." 

Thus, objective evidence has been provided for the method of using the presently claimed 
invention. 


C. Clinical trials or other in vivo data are not required under 35 USC 112 and are 
not necessary to show a reasonable expectation of success in this case. 

The "how to use" prong of the utility requirement does not require in vivo data for 
a biological invention. In accordance with MPEP 2164.02, 

The issue of "correlation" is related to the issue of the presence or absence 
of working examples. "Correlation" as used herein refers to the 
relationship between in vitro or in vivo animal model assays and a 
disclosed or a claimed method of use. An in vitro or in vivo animal model 
example in the specification, in effect, constitutes a "working example" if 
that example "correlates" with a disclosed or claimed method invention. If 
there is no correlation, then the examples do not constitute "working 
examples." In this regard, the issue of "correlation" is also dependent on 
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the state of the prior art. In other words, if the art is such that a particular 
model is recognized as correlating to a specific condition, then it should be 
accepted as correlating unless the exaniiner has evidence that the model 
does not correlate. Even with such evidence, the examiner must weigh the 
evidence for and against correlation and decide whether one skilled in the 
art would accept the model as reasonably correlating to the condition. In re 
Brana, 51 F.3d 1560, 1566, 34 USPQ2d 1436, 1441 (Fed. Cir. 1995) 
(reversing the PTO decision based on finding that in vitro data did not 
support in vivo applications). 

Since the initial burden is on the examiner to give reasons for the lack of 
enablement, the examiner must also give reasons for a conclusion of lack 
of correlation for an in vitro or in vivo animal model example. A rigorous 
or an invariable exact correlation is not required, as stated in Cross v. 
Dzuka, 753 F.2d 1040, 1050, 224 USPQ 739, 747 (Fed. Cir. 1985): 

[B]ased upon the relevant evidence as a whole, there is a reasonable correlation between 
the disclosed in vitro utility and an in vivo activity, and therefore a rigorous correlation is 
not necessary where the disclosure of pharmacological activity is reasonable based upon 
the probative evidence. (Citations omitted). 


Thus the "invitation" in the Final Office Action that the Applicants supply data showing 
detection of the shed fragment from in vivo experiments (in order to obtain allowance of 
the claims) is improper. 

9. Conclusion 

The present case involves a novel finding in the relationship between the cell 
membrance and the extracellular matrix. Modelling of in vivo cell behavior in an in vitro 
extracellular matrix model is accepted in the art (See Attachment 1, and Specification, 
page 2, first full paragraph. Specifically, the present inventors show that cleavage of a 
cellular adhesion molecule is correlated with increased tumorigenic potential in tests run 
on eight selected cell lines. The specification describes an assay that has an inmiediate 
utility in the laboratory as studying tumorigenic potential and may be extended to clinical 
use without undue experimentation. 
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Accordingly, the rejection of claims 1-8, 22-24, 29 and 30 under 35 USC 1 12 
should be reversed and the present case passed to issuance. 

Respectfully subnoitted, 

Date: f-e^ /O - //Z 

David J. Aston 
Attorney for Applicant 
Reg. No.: 28,051 
Tel. No. (510) 486-7503 
Lawrence Berkeley Laboratory 
One Cyclotron Road 
MS 90B0104 
Berkeley, CA 94720 


10. Appendix: Claims on Appeal 

Claim 1. A method for measuring potential tumorigenicity of mammalian cells 
comprising: 

a. providing a sample of medium surrounding cells, and 

b. detecting the presence of a fragment of a-dystroglycan in medium, said 
fragment having an Mr of 120-130kD, whereby the presence of the fragment 
indicates higher potential tumorigenicity. 

Claim 2. The method of claim 1, wherein said detecting comprises: 

a. adding to said sample a material selected from the group consisting of a 
monoclonal antibody to a-dystroglycan and laminin, and 

b. measuring the size of the a-dystroglycan fragment detected. 
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Claim 3. The method of claim 1, wherein said cells are human mammary epithelial cells. 
Claim 4. The method of claim 1, wherein said medium is blood serum. 

Claim 5. A method for measuring potential tumorigenicity of cells, comprising: 

a. providing a sample of said cells, and 

b. detecting the presence of a-dystroglycan on the surface of the cells, 
whereby the absence of a-dystroglycan indicates a higher potential for 
tumorigenicity. 

Claim 6. The method of claim 5, wherein said detecting comprises: 

a. adding to said sample a monoclonal antibody to a-dystroglycan, and 

b. measuring the amount of labeled a-dystroglycan detected. 

Claim 7. The method of claim 5, wherein said cells are human manmiary epithelial cells. 

Claim 8. The method of claim 5, wherein said detecting comprises measurement of the 
amount of a-dystroglycan relative to the amount of p-dystroglycan, wherein a relative 
decrease of a-dystroglycan indicates a-dystroglycan shedding and higher potential 
tumorigenicity. 

Claims 9-21 (Withdrawn). 

Claim 22. A method of assaying proteolysed a-dystroglycan fragments shed from a cell 
into blood serum comprising the steps of: 

a. contacting a serum sample to be assayed with a labeled antibody specific 
for an a-dystroglycan fragment, and 

b. assaying the amount of bound label, wherein said a-dystroglycan 
fragments bound to said labeled antibody are positively correlated with tumor cell 
growth. 
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Claim 23. The method of Claim 22, wherein the a-dystroglycan fragment is an 
approximately 120 kD fragment. 

Claim 24. The method of Claim 22, wherein the a-dystroglycan fragment is an 
approximately 60 kD fragment. 

Claims 25 - 28 (Withdrawn). 

Claim 29. The method of claim 22, wherein said cell is an epithelial cell. 

Claim 30. The method of claim 29, wherein said epithelial cell is a breast epithelial cell. 
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Tissue phenotype depends on reciprocal interactions between the 
extracellular matrix and the structural organization of the nucleus 

Sophie A. Lelievre*, Valerie M. Weaver*, Jeffrey A. NiCKERSONt, Carolyn A. Larabell*, 
Ankan Bhaumik*, Ole W. Petersen*, and Mina J. Bissell*§ 

♦Lawrence Berkeley National Laboratory, Berkeley, CA 94720; ^University of Massachusetts Medical School, Worcester, MA 01655; and *The Panum Institute, 
DK-2200 Copenhagen N, Denmark 

Communicated by Sheldon Penman, Massachusetts Institute of Technology, Cambridge, MA, September 30, 1998 (received for review 
August 14, 2998) 


ABSTRACT What determines the nuclear organization 
within a cell and whether this organization itself can impose 
cellular function within a tissue remains unknown. To explore 
the relationship between nuclear organization and tissue 
architecture and function, we used a model of hiunan mam- 
mary epithelial cell acinar morphogenesis. When cultured 
within a reconstituted basement membrane (rBM), HMT- 
3522 cells form polarized and growth-arrested tissue-like 
acini with a central lumen and deposit an endogenous BM. We 
show that rBM-induced morphogenesis is accompanied by 
reiocalization of the nuclear matrix proteins NuMA, splicing 
factor SRml60, and cell cycle regulator Rb. These proteins 
had distinct distribution patterns speciHc for proliferation, 
growth arrest, and acini formation, whereas the distribution 
of the nuclear lamina protein, lamin B, remained unchanged. 
NuMA relocaiized to foci, which coalesced into larger assem- 
blies as morphogenesis progressed. Perturbation of histone 
acetylation in the acini by trichostatin A treatment altered 
chromatin structure, disrupted NuMA foci, and induced cell 
proliferation. Moreover, treatment of transiently permeabil- 
ized acini with a NuMA antibody led to the disruption of 
NuMA foci, alteration of histone acetylation, activation of 
metalloproteases, and breakdown of the endogenous BM. 
These results experimentally demonstrate a dynamic interac- 
tion between the extracellular matrix, nuclear organization, 
and tissue phenotype. They further show that rather than 
passively reflecting changes in gene expression, nuclear or- 
ganization itself can modulate the cellular and tissue pheno- 
type. 


The cell nucleus is organized by a nonchromatin internal 
structure referred to as the nuclear matrix (NM; refs. 1-3). 
Identified NM components include coiled-coil proteins (4), 
cell cycle regulators (5), tissue-specific transcription factors (6, 
7), and RNA splicing factors (for review see ref. 2). Although 
splicing factors have been shown to redistribute during cellular 
differentiation (8, 9) and following the induction of gene 
expression (10), spatial distribution of nuclear components are 
thought to be the consequence of changes in gene expression 
(8, 10, 11). However, whether NM composition and structure 
may themselves affect gene expression and cellular function 
has not been examined. 

To systematically study the effect of cell growth and tissue 
differentiation on nuclear organization, we used a reconsti- 
tuted basement membrane (rBM)-directed model of mam- 
mary gland morphogenesis (12). The HMT-3522 human mam- 
mary epithelial cells (HMECs) were isolated from reduction 
mammoplasty and became immortalized in culture (13). When 
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embedded within a rBM, these cells arrest growth, organize an 
endogenous BM, and form polarized acinus-like structures 
with vectorial secretion of sialomucin into a central lumen (12). 
We used this model to compare the nuclear organization of 
HMECs cultured on a plastic surface [two-dimensional (2D) 
monolayer] vs. a three-dimensional (3D) rBM. Nuclear orga- 
nization was assessed by examining the distribution of the 
coiled-coil NM proteins lamin B (14) and NuMA (15), the cell 
cycle regulator Rb (pllORb; ref. 5), and the splicing factor 
SRml60 (formerly known as B1C8; ref. 16). These proteins 
had distinct spatial distribution patterns specific for prolifer- 
ation, growth arrest, and acini formation. Moreover, disrup- 
tion of nuclear organization in acini by either perturbing 
histone acetylation or directly modifying the distribution of 

NM prntejns ^lt^red the nn'nnr phfrnot^pp 

x'^Wfc p feviousiyhypothesized (17) and thereafter provided 
evidence that the extracellular matrix (ECM) directs morpho- 
genesis and gene expression in mammary epithelial cells (12„ 
JSr^). lltiL wc bliuw Llmi a reciprocal lelaLloiishtp-ejHsfe 
between the ECM and nuclear organization. These findings 
underscore a role for nuclear organization in regulation of 
gene expression and provide a possible framework for how 
cell-ECM interactions determine cell and tissue phenotype. 

MATERIALS AND METHODS 

Cell Culture. HMT-3522 HMECs (S-1 passage-50 cells; ref. 
13) were propagated in 2D cultures in chemically defined 
medium (12), and growth arrest was induced by removing 
epidermal growth factor (EGF) for 48 hr. Cultures were 
prepared by embedding single cells (8.5 X 10^ cells per ml of 
matrix) in rBM (Matrigel, Collaborative Research) or collag- 
en-I matrix (Cellagen AC-5, ICN) in 4-well chamber slides 
(Nalge). These cultures were grown for 5-10 days. Growth 
arrest and morphogenesis were routinely observed by days 7-9. 

Antibodies and Inhibitors. For Western blots and/or im- 
munostaining, we used mAbs against type IV collagen (clone 
CIV, Dako), ^-catenin (clone 14, Transduction Laboratories, 
Lexington, KY), SRml60 splicing factor (clone B1C8, 16), 
lamin B (clone 101-B7, Matritech, Cambridge, MA), NuMA 
(clone 204-41, Matritech, and clone BlCll, a gift from S. 
Penman, Massachusetts Institute of Technology, Cambridge, 
MA), and polyclonal antibodies (pAbs) against Ki-67 (Novo- 
Castra, Newcastle, U.K.), acetylated histone H4 (Upstate 
Biotechnology, Lake Placid, NY), and pllORb (Santa Cruz 
Biotechnology). For bioperturbation assays, we used mAbs 
against lamins A/C (clone 636, Novocastra, Newcastle, U.K.) 


Abbreviations: NM, nuclear matrix; BM, basement membrane; rBM, 
reconstituted BM; HMEC, human mammary epithelial cells; 2D and 
3D, two and three dimensional; Rb, retinoblastoma protein; ECM, 
extracellular matrix; EGF, epidermal growth factor. 
§To whom reprint requests should be addressed at: Lawrence Berkeley 
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and NuMA (clone 22, Transduction Laboratories, Lexington, 
KY), in addition to BlCll and 101-B7. Trichostatin A (Wako 
Chemicals, Richmond, VA) was used as an inhibitor of histone 
deacetylase (40 nM). 

Indirect Immunofluorescence. Cells were permeabilized in 
situ (0.5% Triton X-100 in 100 mM NaCl/300 mM sucrose/10 
mM Pipes, pH 6.8/5 mM MgC12 containing 1 mM Pefabloc Sc 
(AEBSF) (Boehringer Manheim)/10 /ig/ml leupeptin/10 
fig/ ml aprotinin/10 /xg/ml trypsin inhibitor type 11/250 fjM 
NaF), fixed in 2% paraformaldehyde, and immunostained as 
described (18). Human mammary tissue was snap-frozen in 
n-hexane and embedded in Tissue-Tek O.C.T. compound 
(Sakura Firetek, Torrance, CA); 5-fxm sections were fixed in 
methanol and immunostained in accordance with human 
protocol (KF) 01-216/93 in the laboratory of O.W.P. 

Image Acquisition, Processing, and Data Analysis. Samples 
were analyzed by using a Bio-Rad MRC 1024 laser scanning 
confocal microscope attached to a Nikon Diaphot 200 micro- 
scope. Fluorescence specificity was verified by sequential 
fluorophore excitation. NuMA foci were analyzed by using 
IMAGE SPACE-3D analysis program (Molecular Probes) and 
normalized to 3D rBM cluster-cell number by highlighting and 
counting each nucleus using image space-measure 2d. The 
voxel threshold was set at 0.2 fim. 

Immunoblot Analysis. Total cell extracts (2% SDS in phos- 
phate-buffered saline, pH 7.4, containing 1 mM Pefabloc/ 10 
jLtg/ml leupeptin/10 p-g/ml aprotinin/10 fig/ ml trypsin inhib- 
itor type 11/250 /xM NaF) were prepared in situ for 2D cultures 
or from acini isolated from 3D cultures by dispase treatment 
(5,000 units per ml caseinolytic activity, Collaborative Re- 
search). Equal amounts. of protein were separated and immu- 
noblotted as described (18). 

In Situ NM Preparation. In sku NM preparation was as 
previously described (20), except that 0.05% Triton X-100 and 
micrococcal nuclease (5 units per ml; Sigma) were used. 

Antibody-Mediated Perturbation of Nuclear Organization. 
rBM-induced acini (day 10) were permeabilized for less than 
2 min in situ (0.01% digitonin in 25 mM Hepes, pH 7.2/78 mM 
potassium acetate/3 mM magnesium acetate/1 mM EGTA/ 
300 mM sucrose/ 1% RIA-grade BSA), rinsed twice in digi- 
tonin-free buffer, and incubated in medium containing dia- 
lyzed specific or mock mAbs (15 /xg/ml) for 48 hr, after which 
the cells were incubated with fresh medium for an additional 
48 hr. Antibody concentrations and incubation times were 
determined empirically. Trypan blue dye-exclusion tests and 
apoptosis studies verified the absence of digitonin toxicity. 

RESULTS 

Internal Nuclear Organization Is Remodeled When HMECs 
Are Cultured Within a Basement Membrane. HMT-3522 
HMECs, like primary HMECs, undergo morphogenesis to 
form tissue-like acini when cultured in a 3D rBM (12, 18). 
Neither cell type undergoes acinar differentiation when cul- 
tured as 2D monolayers. In proliferating 2D cultures, NuMA 
was diffusely distributed in the nucleus (Fig. lb) except when 
localized to the spindle poles in mitotic cells (15), and splicing 
factor SRml60 was distributed into numerous speckles of 
heterogenous sizes (Fig. Ic; ref. 16). In rBM-induced acini, 
NuMA was redistributed into an average of eight nuclear foci 
(ranging from 1 to 1.6 fim in diameter) surrounded by diffusely 
localized NuMA protein (Fig. le), and SRm 160 was distributed 
into an average of seven large speckles (Fig. 1/). In contrast, 
lamin B maintained a peripheral ring-like distribution around 
the nucleus, with some internal localization, regardless of 
culture conditions (Fig. 1 a and d). The distribution pattern of 
these proteins was conserved in NM preparations in situ, where 
chromatin was removed before immunolocalization (staining 
is shown for 3D rBM cultures only (Fig. 1 g-i). 
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Fig. 1. NM protein redistribution in HMECs after 3D rBM- 
induced acinar morphogenesis. Confocal fluorescence images (0.2-^ 
optical sections) of lamin B, NuMA, and splicing factor SRm 160 in 
cells grown as 2D monolayers (a-c) and within 3D rBMs (d-i). NuMA 
was diffusely distributed in the nuclei of cells grown as monolayers (6), 
but reorganized into large nuclear foci in cells induced to undergo 
morphogenesis (acini formation) in response to a rBM (e). SRm 160 
was distributed as multiple nuclear speckles in cells cultured as 
monolayer (c), whereas it was concentrated into fewer and larger 
speckles in the acini (J), Lamin B, in contrast, consistently localized to 
the nuclear periphery and within intranuclear patches (a and d). The 
distribution of lamin B (g), NuMA (/»), and SRml60 (/) after in situ NM 
preparation of cells cultured in 3D rBM was similar to that observed 
in intact cells (d^). Arrows indicate nuclei found within the plane of 
the section, (Bar = 10 /xm.) 

We next examined NuMA and SRml60 distribution at 
different stages of 3D rBM-induced morphogenesis. After 
embedment in rBM, cells proliferated to form small clusters by 
days 3-5 but lacked /3-catenin at cell-cell junctions, and 
collagen IV staining was discontinuous (Fig. lAa-Ac). After 
growth arrest (days 6-10), cells assembled a continuous en- 
dogenous BM and formed polarized acinus-like structures with 
organized adherens junctions (Fig. 2 Ad-Af), NuMA was 
uniformly distributed in the nuclei of proliferating cells (Fig. 
2jBa), but became concentrated into distinct foci of differing 
sizes after growth arrest (day 7; Fig. 2Bb), and into larger and 
fewer foci on completion of morphogenesis (day 10, Fig. 2Bc), 
NuMA and the splicing factor SRml60 were not colocalized in 
proliferating cells (Fig. 2 Ba' and Ba"), but NuMA foci and 
SRml60 speckles were closer together after growth arrest (Fig. 
2 Bb' and Bb*') and were completely colocalized in large 
assemblies after the completion of morphogenesis (Fig. 2B, c' 
and c"). These spatial changes in NuMA arrangement oc- 
curred without significant modifications in the level of NuMA 
expression or molecular weight, as determined by using West- 
em blot analysis (Fig. 2Be). These experiments demonstrate 
that specific NM proteins undergo spatial rearrangement 
during rBM-induced acinar morphogenesis. Because the exis- 
tence of NuMA in differentiated tissue has been questioned 
(21), we studied NuMA in the normal resting human mam- 
mary gland. Intense staining was observed in the epithelial 
cells of acini and ducts, where NuMA was distributed in foci 
of different sizes and resembled the acinar stages recapitulated 
in 3D rBM cultures (Fig. 2Bd). 

Growth Arrest Is Associated With Changes in NuMA and 
Rb Distribution. ECM-directed growth arrest is an early and 
critical step in mammary epithelial cell morphogenesis (12). To 
distinguish between the effect of ECM-directed growth arrest 
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Fig. 2. (^4) Distribution of structural proteins during rBM-induced acinar morphogenesis. Confoca! fluorescence images (0.2-;xm optical 
sections) of collagen IV, j3-catenin, and Ki-67 in HMECs embedded within a rBM for 3-4 days (proliferating cells; o-c), and for 7-10 days 
(growth-arrested acini; d-f). Coincident with growth arrest and acinar morphogenesis, HMECs deposited an organized endogenous collagen I V-rich 
BM (fl vs. d), whereas jS-catenin reiocahzed from the cytosol and basal plasma membrane to sites of cell-cell adhesion {b vs. e). Acinar morphogenesis 
was associated with cell cycle exit, as indicated by the loss of Ki-67 staining (c vs./). (B). Spatial analysis of NuMA and splicing factor SRml60 
redistribution during rBM-induced acinar morphogenesis. Confocal Texas red fluorescence images (0.2-/i,m optical sections) of NuMA (a-c) and 
double-labeled NuMA (Texas red), and fluorescein isothiocyanate (FTTC) green-stained SRml60 (a\ a", b\ b", c', and c") in HMT-3522 cells 
proliferating (a, a', and a") and undergoing morphogenesis (b, b\ b", c, c', and c") in response to a rBM. In proliferating cells, NuMA was diffusely 
distributed (a) and did not colocalize with SRml60 (a' and a"). After growth arrest, NuMA coalesced into foci of increasing size (0.2-2 /xm;/) 
in association with the establishment of mature tissue-like structures (acini; b and c) Nine nuclei are shown in b. Only the larger NuMA foci observed 
in late morphogenesis fully colocalized with SRml60 (b', b",c\ and c"y(d) In the ductal and acinar HMECs of the mammary gland, in vivoy NuMA 
was localized in foci with a size distribution comparable to that observed in most of the HMEC nuclei of differentiating rBM cultures shown in 
b. (e) Western blot analysis of NuMA and Lamin B showed no difference in protein expression or size between proliferating and growth-arrested 
HMECs grown within rBMs. Arrows indicate nuclei. (Bars = 10 fim.) 


and changes caused by tissue structure and polarity, the 
localization of NuMA and SRml60 was compared between 


growth-arrested and proliferating cells cultured in monolayers. 
Less than 5% of the cells remained in the cell cycle after 
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Fig. 3. Effect of growth status on the distribution of NM proteins. 
Confocal fluorescence images (0.2-/ini optical sections) of Texas 
red-stained NuMA (a-c) and fluorescein isothiocyanate (FITC) 
green-stained Rb (d^ e,gj and h) in cells proliferating as 2D monolayers 
(a and d) and within 3D rBMs (g) and cells growth-arrested in 
monolayer (b and e) and within coUagen-I (c) or a rBM (/i). NuMA was 
diffusely distributed in the nucleus of proliferating HMECs grown as 
monolayers (a) and reorganized into random aggregates on growth 
arrest induced by EGF removal (b). The settings for image recording 
were the same as for a. Aggregates appear white because of saturation 
of the signal. NuMA was distributed in random aggregates or in small 
foci in growth-arrested and BM-free cell colonies obtained after 10 
days of culture within collagen-I (c). Rb was diffusely distributed in the 
nucleus of proliferating cells grown either in monolayer (d) or in 3D 
rBM (g); however, on growth arrest, the protein redistributed into 
several foci in the monolayer propagated cells (e) but coalesced into 
a central, single nuclear focus in the rBM-induced acini (A); the dotted 
line indicates outer nuclear limit. Western blot analysis of Rb in 
proliferating and growth-arrested cells grown as monolayers (/) or 
within a 3D rBM (/) shows that the hyperphosphorylated isoform was 
present only in proliferating cells. Arrows indicate nuclei. (Bar = 10 

growth arrest induced by EGF removal, as indicated by the 
absence of detectable Ki-67 immunostaining (data not shown). 
NuMA was uniformly distributed in the nuclei of proliferating 
cells but coalesced into denser areas on growth arrest (Fig. 3 
a and b). The irregular geometric quality of these dense areas 
was distinct from the circular foci pattern observed in growth- 
arrested 3D rBM-grown cells. In contrast, no significant 
change in the multispeckled distribution of SRml60 was 
detected under these conditions (data not shown). The rela- 
tionship between nuclear organization and growth status was 
further investigated by examining the distribution of the cell 
cycle regulator Rb. Rb redistributed from a diffuse nuclear 
pattern in proliferating HMECs into a few large foci in 
growth-arrested cells (Fig. 3 d and e). Strikingly, the distribu- 
tion of Rb in the growth-arrested 2D cultures was distinct from 
that observed in the growth-arrested 3D cultures (compare 
Fig. 3 e and h), which may reflect differences in the state of 
growth arrest between 2D monolayer and 3D rBM cultures. 
The monofocal pattern of Rb observed in 3D culture coincided 
with growth arrest. Western blot analysis showed that hypo- 


phosphorylated Rb was associated with the NM in 3D cultures 
(data not shown) as was previously reported for 2D cultures 
(5). Moreover, the diffuse distribution observed in proliferat- 
ing cells was associated with the hyperphosphorylated form of 
the protein (Fig. 3 / and /). 

Because growth arrest in 3D rBM precedes the final stages 
of acinar morphogenesis (12), we examined the relationship 
between the large NuMA foci and the formation of a polarized 
endogenous BM. HMECs cultured in a 3D collagen-I matrix 
form growth-arrested organized colonies but do not assemble 
a polarized, endogenous BM (22). Therefore, we compared 
NuMA distribution in cells grown in rBM to those grown in 
type I collagen. After 12 days in collagen I, NuMA was 
distributed as small foci or irregular dense aggregates (Fig. 3c), 
similar to the pattern observed in growth-arrested cells in 2D 
cultures. Thus, NuMA redistribution into dense areas and 
small foci is induced by growth arrest, but the coalescence of 
the foci into larger and distinct structures requires the presence 
of a BM. 

Cross-Modulation Between NuMA Distribution, Chroma- 
tin Structure, and the Acinar Phenotype. The degree of 
histone acetylation has been shown to regulate chromatin 
structure and gene expression (19, 23). Histone acetylation was 
altered in the acini by using the histone deacetylase inhibitor 
trichostatin A. After 2 hr of treatment, NuMA foci began to 
disperse, and several cells entered the cell cycle, as measured 
by an increase in the Ki-67 labeling index. After 24 hr of 
treatment, NuMA was diffusely distributed in all nuclei (Fig. 
4 e vs. a), and the acinar phenotype was altered as shown by loss 
of the endogenous BM (Fig. 4 / vs. b), redistribution of 
P-catenin (Fig. 4 g vs. c), and the presence of mitotic cells, as 
shown by mitotic spindle-pole staining of NuMA (Fig. Ae, 
arrow). In contrast, trichostatin A did not alter the cell 
phenotype or the distribution of NuMA (data not shown). 

Because NuMA is essential for postmitotic nuclear assembly 
and participates in the loss of nuclear integrity during apo- 
ptosis (24, 25), we asked whether disruption of NuMA foci in 
the acini could globally influence nuclear organization and 
affect the acinar phenotype. Rapid and reversible digitonin 
permeabilization was used to load cells with either anti-NuMA 
mAbs or with an IgGi mock mAb. The NuMA mAb BlCll, 
but not an N-terminal-specific mAb (clone 22; data not 
shown), disrupted NuMA organization, causing the protein to 
become diffusely redistributed within the nucleus as revealed 
by the secondary Ab (Fig. 4i). Chromatin structure was altered, 
as shown by the rearrangement of acetylated histone H4 
distribution (Fig. 4 / vs. d). More dramatically, disruption of 
NuMA organization altered the acinar phenotype, as indicated 
by loss of the endogenously deposited BM (Fig. 4;). Because 
the loss could be prevented by treatment with GM6001, a 
potent metalloprotease inhibitor (Fig. 4n; ref. 26), we conclude 
that NuMA disruption led to induction and/or activation of a 
metalloprotease. Similar treatment of the acini with mAbs 
against lamins A/C or lamin B did not induce any change in 
histone H4 acetylation, BM integrity, or lamin distribution, 
even though these Abs reached their nuclear targets, as shown 
by secondary Ab staining (Fig. 4n and data not shown). 

DISCUSSION 

By modifying the cellular microenvironment, we have dem- 
onstrated that nuclear organization rearranges dramatically in 
HMECs after growth arrest and tissue-like acinar morpho- 
genesis (Scheme 1). The use of the 3D-rBM culture assay has 
enabled us also to show that alterations of nuclear organization 
can modify the cellular and tissue phenotype. 

Previously documented changes in nuclear organization 
have been broadly descriptive. By systematically analyzing the 
distribution of three NM proteins in 2D and 3D cultures, we 
have determined that precise nuclear rearrangements occur 
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Fig. 4. Cross-modulation between chromatin structure, NM organization, and the acinar phenotype. Confocal fluorescence images (0.2-/iin 
optical sections) of NuMA (a, c, and /), collagen IV (fc,/, and /), ^-catenin (c,g, and k)j and acetylated histone H4 (d, /i, and /) in control, trichostatin 
A (TSA)-treated, and NuMA mAb-incubated acini (day 10 of 3D rBM culture), (a-d) Nuclear organization and acinar phenotype in controls. Acini 
exhibit NuMA foci (a), an organized endogenous collagen IV-rich BM (d), cell-cell localized jS-catenin (c), and dispersed acetylated H4 histone 
(d). (e~h) Effects of TSA on nuclear architecture and acinar phenotype. After 24 hr of TSA treatment (40 nM), >55% of the cells entered the 
cell cycle, as indicated by an increase in Ki-67 labeling index (m) and the appearance of mitotic cells (arrow in e). NuMA was uniformly distributed 
in the nuclei (c), collagen IV disappeared (/), ^-catenin was released from the cell-cell interface fe), and the pattern of histone H4 acetylation 
was altered (h). (i-l) Effects of mAb-induced NuMA foci disruption on nuclear organization and acinar phenotype. Introduction of a NuMA mAb 
into the nuclei of the acini by using reversible digitonin permeabilization led to the disruption of NuMA foci (t), degradation of the collagen IV-rich 
BM (arrows in ;), and the nuclear marginalization of acetylated H4 histone (/). There was no consistent alteration observed for )B-catenin other 
than increased basal labeling (k). These effects were not observed with mock IgGs or mAbs to lamins A/C or B. (n) BM degradation after 
mAb-induced NuMA disruption in acini. Analysis of the percentage of acini with intact collagen IV-rich BMs in relation to control/digitonin- 
permeabiUzed (DP) acini (a), mock-IgG mAb-treated/DP acini (6), NuMA mAb-treated/nonpermeabilized acini (c), NuMA mAb-treated/DP 
acini (d), NuMA mAb-treated/DP adni + the metalloproteinase inhibitor GM6001 (e), NuMA nLAb-treated/DP acini + the inactive 
metalloproteinase inhibitor GM1210 (/), NuMA mAb-treated/DP acini + the uPA inhibitor, aprotinin (g), and Lamin B mAb-treated/DP acini 
(h). Acini (>35%) degraded their endogenous BMs in response to disruption of NuMA (d). The BM loss could be rescued by treatment with the 
metalloproteinase inhibitor GM6001 (e), but not its inactive analogue (/) or a uPA protease inhibitor (g). (Bar = 10 ^m.) 


with growth arrest and after rBM-induced morphogenesis. In 
3D rBM cultures, both NuMA and Rb were diffusely distrib- 
uted in the nucleus of proliferating cells. After growth arrest, 
NuMA was relocalized into discrete foci, whereas Rb redis- 
tributed into a central nuclear mass. These patterns of distri- 
bution were different from those observed in growth-arrested 


cells in monolayer 2D cultures, suggesting that there may be 
different states of growth arrest in 2D and 3D rBM cultures 
(27). Because NuMA distribution in 3D collagen I cultures was 
comparable to that observed in growth-arrested 2D cultures, 
our results suggest that 3D organization of cells per se cannot 
explain the differences seen between monolayer and 3D rBM 
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{Only the cell nucleus is represented. NuMA in red; Rb and SRm]60 in green) 
Scheme 1 

cultures. This finding implies that BM signaling is necessary for 
the ultimate nuclear organization within the acini. Indeed, the 
presence of large and distinct NuMA foci was observed only in 
mature 3D rBM cultures and in adult resting mammary gland 
in vivo, where the acini were surrounded by a continuous 
endogenous BM. The mammary gland undergoes develop- 
mental cycles of growth and differentiation even in adults; this 
may account for the heterogeneity of foci size observed in vivo 
and may further explain the absence of the very large NuMA 
foci in subpopulations of differentiated acini (Fig. IBc), 
Whether the pattern of NuMA distribution indeed corre- 
sponds to different levels of differentiation in vivo requires 
further analysis. 

The antibody-directed disruption of NuMA foci in the acini 
induced changes in the distribution pattern of acetylated 
histone H4, the activation of metalloprotease(s), and the loss 
of BM integrity. These results, as well as our observation that 
NuMA progressively coalesces and eventually colocalizes with 
enlarged splicing-factor speckles during acini differentiation, 
suggests that some nuclear proteins may contain the molecular 
information necessary for the development and/or mainte- 
nance of the acinar phenotype. Interestingly, trichostatin- 
induced alteration of histone acetylation in acini also led to the 
disruption of NuMA foci and was associated with the loss of 
BM and the induction of cell proliferation. Although we do not 
know the molecular mechanisms responsible for phenotypic 
alterations induced by nuclear reorganization, our experi- 
ments demonstrate also the existence of reciprocal interactions 
between nuclear organization, chromatin structure, and the 
acinar phenotype. The BM has been shown previously to be 
necessary for the formation and maintenance of the functional 
acinus (12, 28, 29). We report here that BM-induced acinar 
formation is associated with the distinct spatial organization of 
a repertoire of NM proteins and that, conversely, perturbation 
of nuclear organization alters the BM and influences the acinar 
phenotype. These results illustrate the dynamic reciprocity 
between the ECM and the structural organization of the 
nucleus, and underscore the importance of ECM-NM com- 
munication (17) in phenotypic plasticity. 
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Mammary epithelial cells undergo changes in growth, invasion, and differentiation throughout much of adult- 
hood, and most strikingly during pregnancy, lactation, and involution. Although the pathways of milk protein ex- 
pression are being elucidated, little is known, at a molecular level, about control of mammary epithelial cell 
pbenotypes during normal tissue morphogenesis and evolution of aggressive breast cancer. We developed a 
murine mammary epithelial cell line, SCp2, that arrests growth and functionally differentiates in response to 
a basement membrane and lactogenic hormones. In these cells, expression of Id-1, an inhibitor of basic 
helix-loop-helix transcription factors, declines prior to differentiation, and constitutive Id-1 expression blocks 
differentiation. Here, we show that SCp2 cells that constitutively express Id-1 slowly invade the basement 
membrane but remain anchorage dependent for growth and do not form tumors in nude mice. Cells expressing 
Id-1 secreted a --llO-kDa gelatinase. From inhibitor studies, this gelatinase appeared to be a metalloprotein- 
ase, and it was the only metalloproteinase detectable in conditioned medium from these cells. A nontoxic 
inhibitor diminished the activity of this metalloproteinase in vitro and repressed the invasive phenotype of 
Id-l-expressing cells in culture. The implications of these findings for normal mammaiy-gland development 
and human breast cancer were investigated. A gelatinase of --120 kDa was expressed by the mammary gland 
during involution, a time when Id-1 expression is high and there is extensive tissue remodeling. Moreover, high 
levels of Id-1 expression and the activity of a —HO-kDa gelatinase correlated with a less-differentiated and 
more-aggressive phenotype in human breast cancer cells. We suggest that Id-1 controls invasion by normal and 
neoplastic mammary epithelial cells, primarily through induction of a — 120-kDa gelatinase. This Id-1- 
regulated invasive phenotype could contribute to involution of the mammary gland and possibly to the 
development of invasive breast cancer. 


The epithelial cells of the mammary gland undergo coordi- 
nate changes in growth, differentiation, and invasion of the 
surrounding ECM during embryonic development and puber- 
ty, and throughout much of adulthood during each menstrual 
cycle. Particularly striking changes occur during pregnancy, 
lactation, and involution. The molecular mechanisms that con- 
trol the growth and functional differentiation of mammary 
epithelial cells are slowly being elucidated, but far less is known 
about the transient invasive behavior of normal breast epithe- 
lial cells. 

Normal breast epithelial cells proliferate and invade the 
surrounding ECM during the fetal and postnatal development 
of the gland, and then more vigorously at puberty as the 
branches of the mammary epithelial tree are formed. After 
puberty, there are minor waves of mammary epithelial-cell 
proliferation during each estrous cycle (16, 46). The most strik- 
ing activity of mammary epithelial-cell proliferation and inva- 
sion occurs during pregnancy, as the gland expands in prepa- 
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ration for lactation (45). The proliferation and invasion of 
breast epithelial ceUs cease during late pregnancy, whereupon 
the cells functionally differentiate — ^that is, they express and 
secrete milk proteins (44). The epithelial cells remain prolif- 
eratively quiescent and functionally differentiated throughout 
lactation. At the end of lactation, the mammary gland under- 
goes involution, during which time there is an early and tran- 
sient reactivation of epithelial-cell proliferation, followed by 
extensive ECM degradation and epithelial-cell death by apo- 
ptosis. The extensive remodeling of the mammary gland that 
occurs during involution entails the stepwise activation of sev- 
eral MMPs by the stromal and epithelial cells of the gland (29, 
41). The involuting gland eventually returns to its prepreg- 
nancy structure. 

Invasion of the ECM by normal epithelial cells must be 
tightly regulated and self-limiting. This control is clearly im- 
portant for the mammary gland to develop and function nor- 
mally. Control over normal invasive properties is also impor- 
tant in order to prevent neoplastic cells from invading the 
surrounding ECM. Most cancers develop from epithelial cells, 
and a hallmark of malignancy is invasion of the ECM by neo- 
plastic epithelial cells (38). In many experimental models of 
tumorigenesis, an invasive phenotype develops subsequent to 
neoplasia and often entails expression of ECM-degrading en- 
zymes commonly expressed by mesenchymal or stromal cells. 
These enzymes include the MMPs stromelysin and the 72- and 
92-kDa collagenases (19, 48). It is not clear whether tumor 
cells express these MMPs because they are normaUy expressed 
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when epithelial cells transiently invade the ECM during nor- 
mal tissue morphogenesis or because they frequently acquire 
mesenchymal characteristics upon transformation. It was re- 
cently shown by in situ hybridization that these MMPs are 
expressed by stromal fibroblasts during certain stages of ductal 
and alveolar mammary morphogenesis as well as during invo- 
lution (29, 49). 

In order to study normal and abnormal mammaiy epithelial- 
cell phenotypes, we developed a murine mammary epithelial- 
cell line, SCp2, whose growth and differentiation can be con- 
trolled in culture (8). SCp2 cells are an immortal line that 
originated from a heterogeneous cell population derived from 
a midpregnancy mouse mammary gland (7, 37). SCp2 cells 
grow well in serum on tissue culture plastic, where they express 
keratins and exhibit other epithelial characteristics. When se- 
rum is removed and they are given lactogenic hormones (in- 
sulin, prolactin, and hydrocortisone) and basement membrane 
components, SCp2 cells first arrest growth, then aggregate and 
form alveolar structures, and finally express high levels of sev- 
eral milk proteins (8, 36). 

We have shown that the differentiation of SCp2 cells re- 
quires a sharp decline in the expression of the HLH protein 
Id-1 (9). Id genes encode a small family of proteins that pre- 
vent bHLH transcription factors from binding DNA (4). 
bHLH transcription factors comprise a large family of se- 
quence-specific DNA binding proteins that activate the tran- 
scription of cell- and tissue-specific genes. bHLH proteins act 
as obligate dimers: they dimerize through the HLH domains 
and bind DNA through the composite basic domain. Id pro- 
teins contain HLH domains and therefore dimerize with 
bHLH proteins. However, because Id proteins lack basic do- 
mains, Id-bHLH heterodimers cannot bind DNA. Thus, Id 
protems negatively regulate bHLH transcription factors. The 
bHLH superfamily contains both ubiquitous and lineage-spe- 
cific transcription factors that direct many developmental and 
differentiation processes (20). Two of the four known Id pro- 
teins (Id-1 and Id-3) are nearly ubiquitously expressed, where- 
as the other two Id proteins (Id-2 and Id-4) have a more 
restricted pattern of expression (35). Thus, lineage-specific dif- 
ferentiation is determined by tissue-specific bHLH genes, which, 
in turn, are posttranslationally regulated by a small number of 
Id genes. Whether and how bHLH proteins participate in the 
differentiation of breast epithelial cells is not yet known. 

Id-1 was the first Id protein to be identified (4). Since its 
initial discovery in myoblasts, it has been shown to be ex- 
pressed by a variety of cell types and to inhibit the differenti- 
ation of myoblasts (18), several hematopoietic cell types (23, 
26, 40), trophoblasts (6), and manmiary epithelial cells (9). Id-1 
was also found to be serum inducible in fibroblasts, where its 
expression is essential for progression into the S phase of the 
cell cycle (14). In contrast to the closely related Id-2 protein, 
Id-1 does not physically associate with the retinoblastoma tu- 
mor suppressor protein pRb (15, 17) but can functionally in- 
teract with a pRb-regulated pathway for entry into S phase 
(15). 

Id-1 expression declines rapidly when SCp2 cells are induced 
to differentiate. As long as the ceUs remain m contact with a 
basement membrane and lactogenic hormones, Id-1 remains 
repressed and the cells do not proliferate, but they express milk 
proteins. By contrast, SCp2 cells that constitutively express 
Id-1 fail to differentiate, as judged by the expression of milk 
proteins, but nonetheless transiently arrest growth and form 
loose alveolar structures. After several days, cells that consti- 
tutively express Id-1 dissociate from each other and subse- 
quently resume growth (9). 

Here, we show that Id-1 expression confers upon SCp2 cells 


the ability to migrate and invade the basement membrane. 
However, cells that constitutively express Id-1 neither grow in 
soft agar nor form tumors in nude mice. Id-1 expression cor- 
relates strongly with expression of an apparently novel gelati- 
nase of approximately 120 kDa, an N^P, which is also ex- 
pressed during involution. The activity of this MM? was critical 
for the Id-1 -regulated invasive phenotype. We also show that 
Id-1 expression correlates with the degree of differentiation 
and invasiveness of human breast cancer cells. The least-dif- 
ferentiated and most highly invasive cells express constitutively 
high levels of Id-1 and also secrete a 120-kDa gelatinase. Our 
results suggest that Id-1 is a regulator of the invasive pheno- 
type of normal and neoplastic mammary epithelial cells and 
that it acts, at least in part, by controlling expression of a 
120-kDa gelatinase. The invasive phenotype conferred by Id-1 
is not a consequence of tumorigenic transformation, although 
it may be appropriated in a subset of aggressive breast cancers. 
Our data provide new insights into the control of breast epi- 
thelial-cell invasion and suggest that one or more bHLH tran- 
scription factors may repress the invasive phenotype in normal 
as well as neoplastic breast epithelial cells. 


MATERIAI^ AND METHODS 

Abbreviations. AEBSF, 4-(2-aminoethyl)-benzenesulfony) fluoride; bHLH, 
basic helbc-Ioop-helbc; BSA« bovine serum albumin; DAPI, 4\6'-diamidino-2- 
pbenylindole; DMEM, Dulbecco's modified Eagle's medium; DMSO, dimethyl 
sulfoxide; EHS, Englebreth Holm Swann tumor; ECM^ extracellular matrix; F12, 
Ham's F-12 medium; FBS, fetal bovine serum; GAPDH, gJyceraldehyde-3-phos- 
phate dehydrogenase; HLH, heUx-locp-belix; MMP, matrbc metalloproteinase; 
PBS, phosphate-buffered saline; PMSF, phenylmethylsulfonyl fluoride; RT-PCR, 
reverse transcription-PCR. 

Cell culture. SCp2 cells were grown in a 1:1 mixture of DMEM and F12 
(DMEM-F12) containing 5% heat-inactivated FBS, insulin (5 ^.g/ml), and gen- 
tamicin (50 iL^mi) (growth medium) at 3TC in a humidified 5% CO2 atmo- 
sphere, as previously described (8). To induce differentiation, cells were plated at 
5 X lO^/cm* atop basement membrane components in DMEM-F12 lacking 
serum but containing lactogenic hormones (insulin, 5 ^.g/ml; hydrocortisone, 
1 (ig/ml; prolactin, 3 M.g/ml) (9). Unless otherwise indicated, cells were cultured 
for 5 days before analysis. Basement membrane ECM either was purified from 
EHS tumors by the method of Taub et al. (42) or was supplied as Matrigel from 
Collaborative Research. 

SCp2 cells were transfected with the murine Id-1 cDNA driven by the mouse 
mammary tumor virus promoter as previously described (9). The transfected 
cells were initially pooled. Single cell-derived clones were subsequently derived 
by plating cells at limiting dilutions in 24-weU plates. After 10 days, wells with 
visible colonies were trypsinized and replated onto 35-mm^iameter dishes. 
When nearly confluent, the cells were replated onto 100-mm-diameter dishes. 
The population was expanded by subculturing at a ratio of 1:4, and cells were 
used after 5 to 8 passages after the first 1:4 subculture. 

The human breast cancer cell lines T47D, MCF-7, Hs578T, BT-549, MDA- 
MB-231, 2R75-1, and SKBR-3 were purchased from the American Type Culture 
Collection. The MDA-MB-436 cell line was originally purchased from the Amer- 
ican Type Culture Collection and was given to us by R. Lupu (Berkeley National 
Laboratory). MDA-MB-435 cells were derived from the original cell line by 
selection in nude mice for the highly aggressive subpopulation (37a). Cells were 
passaged in DMEM containing 10% FBS and insulin (5 ^ml; Sigma). For 
serum-free conditions, FBS was omitted &om the medium. 

DNA synthesis and autoradiography. Cells plated on coversiips were labeled 
with [^H]methylthymidine (10 p-Ci/ml; 60 to 70 Ci/nunol) for 24 h, washed twice 
with PBS, then fixed for 5 min with a 1:1 (volA^ol) mbcture of acetone and 
methanol at -20°C. Where indicated, cell nuclei were stained for 2 min with 
DAPI diluted 1:10,000 in PBS. The coversiips were air dried, coated with Kodak 
NTB2 emulsion (1:2 dilution), and exposed for 16 to 24 h. The coversiips were 
developed with D-19, fixed with Kodak Rapid-Fix, and viewed by phase-contrast 
microscopy. 

Boyden chamber invasion assays. Invasion assays were performed in modified 
Boydcn chambers with S-fun-pore-size filter inserts for 24-well plates (Collabo- 
rative Research). Filters were coated with 10 to 12 nJ of ice-cold basement 
membrane ECM at 8 to 12 mg of protein/ml. CeUs (Oi X 10^ to 1 X 10*) were 
added to the upper chamber in 200 jJ of DMEM-F12. The lower chamber was 
filled with 300 fil of NIH 3T3 cell-conditioned medium. Where mdicated, 
GM6001 was added at 0.2 mM to both chambers immediately after cell plating. 
After a 16- to 20-h incubation, the cells were fixed with 2.5% glutaraldehyde in 
PBS and stained with 0.5% toluidine blue in 2% Na2C03. Cells that remained in 
the basement membrane or attached to the upper side of the filter were removed 
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with paper towels. Cells on the lower side of the filter were examined by light 
microscopy and counted. 

Anchorage-dependent growth assays. Liquefied 2% agarose was mixed with an 
equal volume of 2x DMEM-F12 growth medium lacking serum and supple- 
mented with insulin (10 ji.g/ml) and gentamicin (100 fig/ml) (2x medium). One 
milliliter of the mixture was layered onto 35-mm-diameter dishes to create a 1% 
agarose base. Liquefied 0.6% agarose was mixed with an equal volume of 2x 
medium, and 10 ml of this solution was mbced with 1 ml of growth medium 
containing lO' cells to yield 10* cells/ml in 0.27% agarose; 1 ml of this cell 
suspension was layered on top of the 1% agarose base, and 1 ml of DMEM-F12 
containing 5% FBS was added. The cells were incubated for 14 days, after which 
representative fields were photographed under phase-contrast microscopy. 

Tumorigenid^ assays. Cells were injected subcutaneously into nude mice at 
4 X 10* cells per site, two sites per animal, and two animals for each cell type 
(TCLl, SCg6, SCp2, SCp2-antisense Id-1, and SCp2-Id-l). Animals injected 
with TCLl and SCg6 cells developed easily detectable tumors (at least 1 cm*^) 
within 3 weeks and were sacrificed after 4 weeks. The remaining animals re- 
mained tumor negative for a minimum of 5 months. 

Immanofluoresceoce. Cells cultured on coverslips were washed with PBS, fixed 
for 5 rain with acetone-methanol (1:1, volA'ol) at -20"C, permeabilized for 5 rain 
with 1% Triton X-100 in PBS, and washed with PBS. A rabbit polyclona! anti- 
serum raised against bovine keratins (Dako, Carpinteria, Calif.) was diluted 1:10 
in 0.2% BSA in PBS and applied for 60 min at 3TC, followed by three washes 
in PBS. The coverslips were then incubated with bio tin-conjugated anti-rabbit 
antibody (1:100 dilution; Amersham Corp.) for 30 min at 3TC and were washed 
three times in PBS. Finally, the coverslips were incubated with fluorescein iso- 
thiocyanate-conjugated streptavidin (1:100 dilution; Amersham Corp.) for 30 
min at 37*C and were washed in PBS. Cell nuclei were stained with DAP I, as 
described above, and the coverslips were mounted in glycerol-gelatin (Sigma) for 
viewing by epifluorcscence. 

RNA isolation and analysis. Total cellular RNA was isolated and purified as 
described by Chomczynski and Sacchi (5). The RNA (10 pig) was size fraction- 
ated by electrophoresis through formaldehyde-agarose gels and transferred to a 
nylon membrane (Hybond N from Amersham Corp.). The membrane was hy- 
bridized to ^^P-labeled probes prepared by random oligonucleotide priming, 
washed, and exposed to XAR-5 film for autoradiography as described by Ma- 
niatis et al. (31). The ^-casein probe was the 540-bp mouse cDNA (from J. 
Rosen, Baylor College of Medicine, Houston, Tex.), and the Id-1 probe was 
either the murine Id-1 cDNA (4) or the human Id-1 cDNA (14). 

RT-PCR and Soutbeni analysis. Transcripts for murine gelatinases A (72-kDa 
MMP) and B {92-kDa MMP) were detected by RT-PCR. cDNA was synthesized 
from total RNA by using Superscriptll Reverse Transcriptasell (Gibco-BRL), 
and 100 ng was used for PCR. The 5* and 3' PCR primers were TTGAGAAG 
GATGGCAAGTATGG and ACACCTTGCCATCGTTGC for gelatinase A, 
GGCGTGTCTGGAGATTCGA and AGGGTCCACCTTGGTCACC for gela- 
tinase B. and ACCACAGTCCATGCCATCAC and TCCACCACCCTGTrGC 
TGTA for GAPDH. PCR was performed in 20 mM Tris-HQ (pH 8.8)-2 mM 
MgSO4-10 mM KO-IO mM (^4)2804-0.1% Triton X-100-100 jtg of BSA/ 
ml-0.125 mM deoxynucleoside triphosphates-0.8 p-M each PCR primer-0.05 U 
of Pfu DNA polymerase/M-l by using 35 cycles for amplification of gelatinase 
cDNAs and 25 cycles for amplification of GAPDH cDN A The cycle conditions 
were 1 min of denaturation at 94''C 1 min of annealing at 58°C, and 30 s of 
extension at 72*C. For Southern analysis, one-fifth of the PCR reaction product 
was separated on a 2.1% agarose gel, transferred to a nylon membrane (Hybond 
N-H), and hybridized with cDNA inserts labeled with ^^P by random priming. 
cDNAs encoding murine gelatinase A or B (33, 34) were a gift from Z. Werb, 
University of California, San Francisco, and the GAPDH cDNA was obtained 
from Qontech (Palo Alto, Calif.). Hybridization was carried out in 5x SSC (ix 
SSC is 0.15 M NaO plus 0.015 M sodium citrate), 5X Denhardt's solution, 0.5% 
sodium dodecyl sulfate, and 50% formamide at 42**C overnight. The membranes 
were washed at a final stringency of 0.2x SSC and 0.1% sodium dodecyl sulfate 
at 68"C and were exposed to XAR-5 film for autoradiography, 

Zymograpby. Proliferating cells (10^ in 100-mm -diameter dishes) were shifted 
to serum-free medium for 2 to 3 days, after which they were given 10 ml of fresh 
serum-free medium. Forty-eight hours later, the conditioned medium was col- 
lected and concentrated 10- to 15-fold by using 10-kDa-cutoff filters (Millipore, 
Bedford, Mass.). The concentrated medium was analyzed on casein and gelatin 
substrate gels, as described by Fisher and Werb (10) and Talhouk et al. (41). 
Briefly, gels consisted of 8 to 10% polyaciyiamide and 3 mg of a-casein or gelatin 
(Sigma)/ml. Concentrated conditioned medium was muted with nonreducing 
Laemmli sample buffer and incubated at 37*0 for 15 min. After electrophoresis, 
the gels were incubated for 1 h in 2.5% Triton X-100 at room temperature, 
followed by 24 to 48 h in substrate buffer (100 mM Tris-HQ [pH 7.4J-15 mM 
Caa2) in the absence or presence of GM6001 (0.2 mM in DMSO; supplied by 
Glycomed Corporation and obtained from Z. Werb [12]), EDTA (10 mM), 
ortAo-phenanthroiine (1 mM in DMSO; Sigma), PMSF (5 mM), or AEBSF (0.5 
mM; Calbiochem). Where appropriate, control gels were incubated with buffer 
containing solvent only. The gels were stained with Coomassie blue for 30 min 
and were destained with 30% methanol-10% acetic acid. Caseinase and gelati- 
nase activities were visible as clear bands, indicative of proteolysis of the sub- 
strate protein. 


RESULTS 

Id-1 induces an invasive, migratoiy phenotype in mammary 
epithelial ceils. SCp2 mammary epithelial cells grow as a 
monolayer in 5% serum. When given lactogenic hormones and 
basement membrane ECM in serum-free medium, they arrest 
growth, form three-dimensional alveolar structures, and ex- 
press the milk protein p-casein (8). Alveoli formed by SCp2 
cells are stable, maintaining their structure and p-casein ex- 
pression for more than 2 weeks. Under these conditions, Id-1 
is not expressed. By contrast, SCp2 ceUs that constitutively 
express Id-1 form poorly compacted alveoli that become in- 
creasingly disorganized; after 6 to 8 days, cells at the periphery 
detach from the structure and synthesize DNA (9). 

Using a pooled population of SCp2 cells that constitutively 
express a murine Id-1 transgene (SCp2-Id-l cells) (9), we 
more precisely monitored the fate of cells that detached from 
the alveolar structure. Within 10 days, approximately 30 to 
40% of the SCp2-Id-l alveolar structures showed substantial 
disintegration. Following detachment from the alveolar struc- 
ture, SCp2-Id-l cells actively invaded and migrated through 
the surrounding ECM (Fig. 1). The migrating cells had an 
elongated nuclear morphology, compared to the rounded nu- 
clei of cells in the early stages of disaggregation. Initial detach- 
ment and invasion occurred in the absence of cell proliferation 
(Fig. lA). However, 2 to 4 days after initial detachment, SCp2- 
Id-1 cells that had migrated extensively through the ECM were 
abundant, and many of these cells syndiesized DNA (Fig. IB to 
D). For the most part, DNA synthesis was evident only in cells 
that had migrated some distance from the alveolar structure. 
Thus, the initiation of invasion and migration was not due to 
resumption of growth; rather, cells resumed proliferation only 
after they had detached and migrated from the three-dimen- 
sional structure. As previously described (9), spheres com- 
prised of control cells transfected with the vector alone were 
very stable, remaining viable and morphologically unchanged 
even after more than 10 days on basement membrane ECM. 

To quantify the invasion and migration of SCp2-Id-l cells, 
they and control cells were assayed in Boyden chambers (2). 
Cells were added to the upper portion of the chamber; condi- 
tioned medium from mouse fibroblasts, used as a source of 
chemoattractants (2), was added to the lower compartment 
The porous filter separating the two compartments was coated 
with basement membrane ECM. After a 16- to 20-h incuba- 
tion, cells that had migrated through the ECM to the lower 
surface of the filter were fbced, stained, and counted (Fig. 2). 
The 16- to 20-h incubation time ensured that only a small 
fraction of invasive cells migrated through the filter, which in 
turn ensured that the fraction of migratory cells was small 
enough to score reliably. 

Four types of cells were compared in this assay: (i) parental 
SCp2 cells, (ii) SCp2 cells transfected with an insertless vector, 
(iii) SCp2-Id-l cells, and (iv) SCp2 cells transfected with the 
Id-1 cDNA in the antisense orientation. Of these cell types, 
only SCp2-Id-l cells were invasive. Under these assay condi- 
tions, none of the control (parental or insertless-vector) cells 
and none of the cells expressing antisense Id-1 migrated 
through the filter. By contrast, 0.7 to 1% of a population of one 
of the most invasive breast cancer cell lines (MDA-MB-231, 
previously described [43]) migrated through the filter, although 
only about 0.05% of the SCg6-traiisformed cells, which were 
previously shown to be invasive (28), migrated through the 
ECM to the lower surface of the filter (data not shown). In the 
case of the SCp2-Id-l cells, 0.2 to 0.3% migrated through the 
filter. Thus, SCp2-Id-l cells, which were transfected with a 
single gene, were 20 to 30% as invasive as one of the most 
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FIG. 1. Instability of the three-dimensional organization and loss of growth arrest of SCp2-Id-l cells. A pooled population of SCp2-Id-l cells was induced to 
differentiate for 8 (A), 10 (B), or 12 (C and D) days, pH]thymidine was added for 24 h preceding fixation, and the cells were then stained with DAPI and processed 
for autoradiography as described in Materials and Methods. Shown are the DAPI fluorescence and autoradiography. Depending on the batch of EHS ECM or Matrigel, 
disaggregation of the three-dimensional structures and resumption of DNA synthesis occurred 1 to 2 days earlier or later than in the experiments for which results are 
shown here. Magnification, X300. 


aggressive breast cancer cell lines (which harbors multiple mu- 
tations) and four- to sixfold more invasive than their SCg6- 
transformed counterparts. 

We conclude that constitutive expression of the Id-1 gene 
can induce an invasive and migratory phenotype in nontrans- 
formed and nontumorigenic SCp2 mammaiy epithelial cells. 

Constitutive Id-1 expression is not sufficient for anchorage- 
independent growth or tumorigenicity. In many model systems 
of malignant transformation, unregulated expression of normal 
or activated proto-oncogenes drives cell proliferation, and in- 
vasiveness often develops subsequent to, or concomitant with, 
tumorigenicity. Although Id-1 did not appear in this regard to 
act like a typical oncogene, we nonetheless asked whether 
constitutive Id-1 expression transformed SCp2 cells, using the 
criteria of anchorage-independent growth and tumorigenicity 
in nude mice. 

We first tested the ability of the cells to grow in an anchor- 
age-independent manner. As expected, control cells and cells 
transfected with Id-1 in the antisense orientation failed to grow 
in soft agar (Fig. 3A and C). Similarly, SCp2-Id-l cells failed to 
form colonies in soft agar, remaining as single cells for at least 
14 days (Fig. 3B). It is interesting that, in soft agar, SCp2-Id-l 
cells appeared twice as large as control cells; the reason for this 
size increase is not known. Malignant TCLl cells (isolated 
from a murine mammary tumor [28]), used as a positive con- 
trol, formed large colonies after 14 days in soft agar (Fig. 3D). 
We conclude that constitutive expression of Id-1 does not 
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FIG. 2. SCp2-Id-l cells invade the ECM and migrate in a Boyden chamber. 
Parental SCp2 cells (lane 1), SCp2 cells transfected with an msertless vector (lane 
2), SCp2-Id-l cells (lane 3), and SCp2 cells transfected with Id-1 in the antisense 
orientation (lane 4) were plated on ECM-coated filters in Boyden chambers; the 
number of cells that migrated through the filter after 16 to 20 h was determined 
as described in Materials and Methods. Error bars indicate standard deviations 
from three or four independent fields. The data shown are from one of five 
independent experiments which showed very similar differences among the cell 
types. 
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induce anchorage-independent growth in SCp2 mammary ep- 
ithelial cells. 

We next tested SCp2-Id-l cells for their ability to form tu- 
mors. Cells were injected subcutaneously into nude mice. The 
positive control, TCLl cells, formed tumors (at least 1 cm^) 
within 3 weeks (Table 1). The same was true for SCg6, a cell 
line with mesenchymal and transformed properties that was 
isolated from the same population from which SCp2 cells were 
isolated (8) (Table 1). By contrast, neither parental SCp2 cells, 
SCp2 cells expressing the Id-1 antisense cDNA, nor SCp2-Id-l 
cells formed tumors after 5 months (Table 1). 

We conclude that constitutive Id-1 expression in SCp2 mam- 
mary epithelial cells is not sufficient to lead to the transformed 
phenotypes of anchorage-independent growth in culture and in 
vivo, despite its ability to induce an invasive phenotype. 

Isolation and characterization of cloned SCp2-Id-l cells. 
The experiments described thus far used a pooled population 
of SCp2-Id-l cells, which is heterogeneous with respect to Id-1 
expression. To eliminate this heterogeneity and better define 
the role of Id-1 in inducing an invasive phenotype, we isolated 
single-cell-derived SCp2-Id-l clones that expressed the Id-1 
transgene to varying levels. The clones were assessed for cyto- 
keratin filaments (a general characteristic of epithelial cells), 
morphology in monolayer culture, and ability to form alveolar 
structures in response to basement membrane ECM. In addi- 
tion, RNA was isolated 5 days after the cells were exposed to 
basement membrane and hormones and was analyzed for Id-1 
and p-casein mRNA. The Id-1 transgene mRNA was distin- 


guishable from the endogenous Id-1 mRNA by its slightly larg- 
er size; the endogenous transcript was barely detectable under 
these conditions (9). 

One subclone, SCp2-Id-lA cells, did not express detectable 
Id-1 transgene mRNA (Fig. 4a, lane 1). These cells grew as 
compact colonies in monolayer culture and expressed cytoker- 
atin filaments (Fig. 4b, panel B). They also differentiated sim- 
ilarly to untransfected SCp2 cells, as judged by their ability to 
express high levels of p-casein mRNA (Fig. 4a, lane 1) and 
form stable alveolar structures (data not shown), like untrans- 
fected SCp2 cells. These cells were therefore used as negative 
controls. 

SCp2-Id-lB and SCp2-Id-lC ceUs expressed moderate lev- 
els of the Id-1 transgene, which were below the levels of Id-1 


TABLE 1. SCp2-Id-l cells are not tumorigcnic" 

I No. of tumors/no. of 

sites injected (time) 


TCLl 4/4 (after 3 wk) 

SCg6 4/4 (after 3 wk) 

SCp2 0/4 (after 5 mo) 

SCp2-antisense Id-1 0/4 (after 5 mo) 

SCp2-Id-l 0/4 (after 5 mo) 


" Cells (4 X 10^ per site) were injected into two sites per animal, and two 


animals were used for each cell type, as described in Materials and Methods. The 
tumors that developed were at least 1 cm'. 
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FIG. 4. Characterization of SCp2 cell clones expressing constitutive Id-1. (a) SCp2-Id-l cells were plated at limiting dilution, and five independent clones 
(SCp2-Id-lA through SQ)2-Id-1E) were isolated and amplified. Cells from each of these clones were exposed to basement membrane and hormones for 5 days and 
were analyzed for expression of the Id-1 transgene and p-casein mRNA, as described in Materials and Methods. Shown are the autoradiogram of the Northern blot 
and the ethidium bromide-stained Northern gel made to confirm RNA integrity and quantitation. Lane 1, SCp2-Id-lA; lane 2, SC^2-Id-lB; lane 3, SCp2-Id-lC; lane 
4, SCp2-Id-lD; lane 5, SCp2-Id-lE. (b) SCp2-Id-lA (A and B) and SCp2-Id-lE (C and D) cells were grown in monolayer culture, fixed, and stained with DAPI (A 
and C) or processed for inununofluorescence by using a pas-keratin antibody (B and D), as described in Materials and Methods. 


mRNA expressed by proliferating control cells. These cells 
expressed lower levels of p-casein mRNA than SCp2-Id-lA 
cells (Fig. 4a, lanes 2 and 3), but they expressed cjrtokeratin 
filaments and formed alveolar structures (data not shown). 

Finally, SCp2-Id-lD and SCp2-Id-lE cells expressed high 
levels of the Id-1 transgene and undetectable levels of p-casein 
(Fig. 4a, lanes 4 and 5). In monolayer culture, SCp2-Id-lE 
cells were less cuboidal and grew as more-dispersed entities 
than SCp2-Id-l A cells (Fig. 4b, panels C and D). Their failure 
to express p-casein was not due to a loss of epithelial charac- 
teristics. SCp2-Id-lE ceils, which expressed the highest levels 
of Id-1, as well as SCp2-Id-lD cells (data not shown), ex- 
pressed cytokeratin filaments (Fig. 4b, panel D). However, 
SCp2-Id-lD and SCp2-Id-lE cells, like the pooled SCp2-Id-l 
cells, formed only loose alveolar structures, from which they 
eventuaUy detached and invaded the ECM (see Fig. 7) (data 
not shown). 

These results confirm in cloned populations that mammary 
epithelial cells constitutively expressing Id-1 do not undergo a 
complete epithelial-to-mesenchymal transition; they retain some 
epithelial-cell characteristics (such as keratin expression) but 
fail to functionally diflFerentiate and to maintain three-dimen- 
sional organization on the ECM. SCp2-Id-lA and SCp2-Id-lE 


cells, which express undetectable and high levels of the Id-1 
transgene, respectively, were used for further studies. 

A potentially novel metalloproteinase is secreted by Id-1- 
expressing cells. The ability of SCp2-Id-l cells to invade the 
ECM suggested that Id-1 might induce expression of ECM- 
degrading proteases. The major classes of proteases that de- 
grade ECM are serine, cysteine, and aspartyl proteases, and 
metalloproteinases (10). The Zn^"^ -containing, Ca^'*"-stabilized 
MMPs are of particular interest because they are implicated in 
the remodeling of the mammary gland during involution (29, 
41) and the initial steps of tumor-cell invasion (25). Of the 
major MMPs, interstitial collagenase (56 kDa) and gelatinases 
A (72 kDa) and B (92 kDa) are detectable on gelatin substrate 
gels, whereas stromelysins (57 kDa for stromelysin-1) and ma- 
trilysin (30 kDa) are detectable on casein substrate gels (re- 
viewed by Fisher and Werb [10]; see also reference 22). 

We examined the secretion of proteases by SCp2-Id-lA and 
SCp2-Id-lE cells, using conditioned medium and gelatin or 
casein substrate gel zymography. Cells were incubated in se- 
rum-free medium for 3 days prior to collection of conditioned 
medium for zymography. Under these conditions, the endog- 
enous Id-1 gene is not expressed (9), and SCp2-Id-lA and 
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FIG. 5. Expression of a 120-kDa gelatinase by Id-1 -expressing mammary epithelial cells. (A) Gelatin zymogram of conditioned media from SCp2-Id-lA (lane 1) 
and SCp2-Id-1£ (lane 2) cells. Cells were cultured in serum-free medium, and conditioned media were harvested and analyzed on a gelatin substrate gel, as described 
in Materials and Methods. (B) Gelatin zymogram of conditioned media from SCp2-Id-lA cells either growth arrested by serum deprivation (lane 1) or growing in 5% 
serum (lane 2). (C) Gelatin zymogram of conditioned media from control SCp2 cells (lane 1) and an uncloncd SCp2-Id-l-transfected pooled population (lane 2). Cells 
were cultured in serum-free medium. (D) Gelatin ^roogram of SCp2-ld-lA (lanes 1, 3, and 5) and SCp2-Id-lE (lan^ 2, 4, and 6) cell-conditioned media incubated 
with DMSO (lanes 1 and 2), the MMP inhibitor GM6001 (0.2 mM in DMSO) (lanes 3 and 4), or the serine proteinase inhibitor PMSF (5 mM in DMSO) (lanes 5 and 
6). (E) Casein zymogram of conditioned media from SQ)2-Id-1A (lanes 1 and 3) and SQ)2-Id-1E (lanes 2 and 4) cells incubated with DMSO (lanes 1 and 2) or 
GM6001 (lanes 3 and 4). In panels A through D, arrows mark the positions of the 120-kDa MMP. 


SCp2-Id-lE express undetectable and high levels of the Id-1 
transgene, respectively. 

Gelatin substrate gels showed that SCp2-Id-lA and SCp2- 
Id-IE ceils differed only in the secretion of a high-molecu- 
lar-mass (approximately 120-kDa) gelatinase. The 120-kDa 
gelatinase was abundantly expressed by serum-deprived SCp2- 
Id-IE ceUs (Fig. 5A, lane 2) as well as SCp2-Id-lD ceUs (data 
not shown). Secretion of this 120-kDa gelatinase was not due 
to clonal variation. Conditioned medium from the uncloned 
SCp2-Id-l pooled population also showed a gelatinase of 
—120 kDa (Fig. 5C, lane 2). This gelatinase was undetectable 
in serum-deprived SCp2-Id-lA (Fig. 5 A, lane 1) and control 
SCp2 (Fig. 5C, lane 1) cells. Thus, secretion of a 120-kDa 
gelatinase correlated with Id- 1 expression. 

Secretion of the 120-kDa gelatinase correlated with expres- 
sion of the endogenous Id-1 gene as well as with that of the 
Id-1 transgene. Thus, the 120-kDa proteinase was secreted by 
SCp2-Id-lA cells (in which expression of the Id-1 transgene is 
undetectable) while they were proliferating in monolayer cul- 
ture (Fig. 5B, lane 2). Under these conditions, the endogenous 
Id-1 gene is expressed at high levels (9). 

The 120-kDa gelatinase had characteristics of an MMP. It 
was sensitive to the MMP inhibitors GM6001 (Fig. 5D, lane 4), 
EDTA, and ort/io-phenanthroline (data not shown). By con- 
trast, it was insensitive to the serine protease inhibitors PMSF 
(Fig. 5D, lane 6) and AEBSF (data not shown). The 120-kDa 
MMP appeared to be the only MMP secreted by Id-1 -express- 
ing cells. The two gelatinases with apparent molecular sizes of 
70 and 90 kDa, which were expressed by both SCp2-Id-lA and 
SCp2-Id-lE cells, were not inhibited by any of the MMP in- 
hibitors GM6001 (Fig. 5D, lane 4), ortAo-phenanthroline, and 
EDTA (data not shown), and therefore neither is likely to be 
gelatinase A or B. 

Casein substrate gels showed one major caseinase of approx- 
imately 50 kDa that was expressed by both SCp2-Id-lA and 
SCp2-Id-lE cells. This protease was not inhibited by the me- 


talloproteinase inhibitor GM6001 (Fig. 5E). Therefore, it is 
most likely not the metalloproteinase stromelysin-1. 

To definitively rule out the possibility that gelatinases A and 
B were expressed in SCp2 cells, as well as the possibility that 
the 120-kDa MMP was a complex between gelatinase B and its 
carrier protein (21), we analyzed RNA by PCR and Southern 
blotting for gelatinase-A and -B mRNAs. SCp2-Id-lA cells, 
which do not express the Id-1 transgene, SCp2-Id-lE cells, 
which express high levels of the Id-1 transgene, and the mes- 
enchyme-like mammary SCg6 cells were deprived of serum for 
3 days before RNA was extracted and synthesized into cDNA 
for PCR analysis (Fig. 6). The 326-bp PCR product expected 
from the gelatinase-A cDNA and the 190-bp product expected 
for the gelatinase-B cDNA were detected only in SCg6 cells 
(Fig. 6, lane 3). We conclude that SCp2 cells, whether or not 
they express Id-1, do not express gelatinase A or B and that 
therefore the 120-kDa gelatinase is not a gelatinase B-contain- 
ing complex (21). 

We conclude that SCp2 mammary epithelial cells secrete a 
single detectable MMP, having an apparent molecular size of 
120 kDa, when they express Id-1. This MMP does not belong 
to the stromelysin subclass of MMPs, which degrades casein, 
but rather is a type IV coUagenase MMP family member and 
thus degrades gelatin, a denatured collagen. 

The Id-l-related MMP is essential for the invasive pbeno- 
type of SCp2 cells. Because the 120-kDa MMP appears to be 
the only proteinase whose secretion correlates with Id-1 ex- 
pression, and constitutive Id-1 expression renders cells inva- 
sive, we explored the possibility that this MMP is critical for 
the invasive phenotype of mammary epithelial cells. 

We first tested the abilities of SCp2-Id-lA and SCp2-Id-lE 
cells to invade basement membrane ECM in a Boyden cham- 
ber invasion assay (Fig. 7). SCp2-Id-lA cells, like untrans- 
fected SCp2 cells (Fig. 2), were not invasive, or only minimally 
invasive, in this assay (Fig. 7). Under the assay conditions, the 
endogenous Id-1 gene is not expressed and SCp2-Id-lA cells 


4584 DESPREZ ET AL, 


MoL. Cell. Biol 



gdatinase B 


gelatinase A 


GAPDH 


12 3 4 

FIG. 6. SCp2 cells do not express gelatinase A or B. SCp2 cells were serum 
deprived for 3 days before RNA was extracted, transcribed into cDNA, and an- 
alyzed by PGR for gelatinase- A and -B cDNA sequences, as described in Mate- 
rials and Methods. Arrows indicate the positions of the amplified products for ge- 
latinases A and B and the control gene, encoding GAPDH. Lane 1, SCp2-Id-lA 
cells; lane 2, SCp2-Id-lE cells; lane 3, SCg6 cells; lane 4, no cDNA control. 


express undetectable levels of the Id-1 transgene. By contrast, 
SCp2-Id-lE cells, like uncloned SCp2-Id-l cells (Fig. 2), were 
demonstrably invasive under the same conditions, consistent 
with the high levels of the Id-1 transgene expressed by these 
cells. 

To test the role of the 120-kDa MMP in the invasive phe- 
notype induced by Id-1, we used MMP inhibitors in the inva- 
sion assay. We first tested the toxicities of two compounds, 
GM6001 and phenanthroline. SCp2 cells were treated with 
either compound, the solvent (DMSO), or nothing for the 
duration of the invasion assays (20 h), and viability was as- 
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FIG. 7. The invasive phenotype of Id-1 -expressing cells is repressed by an 
MMP inhibitor, SCp2-Id-lA cells in Oi% DMSO (lane 1). SCp2-Id-lE cells in 
0.5% DMSO (lane 2), and SCp2-Id-lE cells in GM6001 (200 m-M; 0.5% DMSO) 
(lane 3) were plated on ECM-coated filters in Boyden chambers, and the num- 
bers of cells that migrated through the membrane after 16 to 20 h were deter- 
mined as described in Materials and Methods and the legend to Fig. 2. Error bars 
indicate standard deviations from three to four independent fields; the data 
shown are from one of three independent experiments. 
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FIG. 8. Correlation between expression of the 120-kDa gelatinase and Id-1 in 
vivo. Cell extracts were prepared from lactating and involuting glands (as de- 
scribed by Talhouk et al. [41]) and analyzed by gelatin zymography. In the upper 
panel, the arrow marks the position of the 120-kDa gelatinase. RNA was isolated 
from mammary glands at the same stages and analyzed on Northern blots for 
Id-1 mRNA (middle panel). Lane 1, day 9 of lactation; lanes 2 through S, days 
1, 2, 3, and 4 of involution, respectively. The ethidium bromide-stained gel is 
shown in the lower panel to confirm RNA integrity and quantitation. 


sessed by trypan blue exclusion. There were no differences in 
viability among untreated, DMSO-treated, and GM6001 -treat- 
ed cells (data not shown). By contrast, all the phenanthroline- 
treated cells died within 20 h of treatment. We therefore used 
GM6001 in the invasion assay. GM6001 reduced the invasive- 
ness of SCp2-Id-lE cells about fourfold (Fig. 7, lane 3). Be- 
cause the 120-kDa gelatinase is the only detectable MMP ex- 
pressed by these cells, this result suggests that much of the 
invasive phenotype induced by Id-1 can be attributed to the 
120-kDa MMP. 

Id-1 and the 120-kDa gelatinase are expressed during mam- 
mary gland involution. In studying proteases during mouse 
mammary-gland development, Talhouk et al. (41) described a 
gelatinase having a molecular size greater than 110 kDa that 
was not expressed during lactation (Fig. 8, top panel, lane 1) 
but was expressed during the early stages of involution (days 1 
and 2 [lanes 2 and 3], declining by day 3 [lane 4]). The identity 
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FIG. 9. Id'l expression in nine human breast cancer cell lines. C^lls were 
cultured in serum-free medium for 2 days before RNA was extracted and sub- 
jected to Northern blotting. The blots were then hybridized with a human Id-1 
cDNA probe. Hybridization to the 28S rRNA is also indicated. 


or function of this gelatinase was not determined or discussed. 
To explore the possibility that this gelatin-degrading protein- 
ase may be the 120-kDa MMP expressed by Id-1 -expressing 
cells, we isolated RNA from lactating and involuting mouse 
mammary glands and measured Id-1 expression by Northern 
analysis (Fig. 8, lower panels). Id-1 mRNA was undetectable in 
the lactating gland (lane 1) but was highly expressed early in 
involution (day 1 and 2 [lanes 2 and 3]); Id-1 expression began 
to decline by the 3rd day of involution (lane 4). Thus, the 
correlation between the expression of Id-1 and a 120-kDa 
gelatinase observed in mammary epithelial-cell cultures is also 
seen in the intact mammary gland during involution. 

Id-1 and 120-kDa gelatinase expression in invasive human 
breast cancer cells. Our finding that ectopic Id-1 expression 
induced a 120-kDa gelatinase and an invasive phenotype in 
mouse mammaiy epithelial cells suggested that Id-1 and its as- 
sociated gelatinase could, at least in some instances, contribute 
to human breast cancer progression. To begin to explore this 
possibility, we examined human breast cancer cell lines exhib- 
iting varying degrees of invasiveness in culture and in vivo. 

We examined four differentiated, essentially noninvasive 
breast cancer cell lines, T47D, MCF-7, ZR75-1, and SKBR-3 
(43), and five poorly differentiated and invasive cell lines, 
Hs578T, BT-549, MDA-MB-231, MDA-MB-436, and MDA- 
MB-435 (27, 30, 43, 50) (Fig. 9). These cell lines have been 
evaluated for invasiveness in culture, by using the Boyden 
chamber assay (2), and in vivo, by using metastatic tumor 
formation in nude mice (43). By both assays (under serum-free 
and/or estrogen-free conditions), T47D, MCF-7, ZR75-1, and 
SKBR-3 cells were noninvasive. By contrast, Hs578T, BT-549, 
and particularly MDA-MB-231, MDA-MB-436, and MDA- 
MB-435 cells were highly invasive by both assays. We con- 
firmed the reported invasive potentials of these cells, using the 
Boyden chamber assay (data not shown). 

When cells were cultured in serum-free medium for 2 days, 
Id-1 mRNA was undetectable in the noninvasive T47D, MCF- 
7, ZR75-1, and SKBR-3 cells (Fig. 9, lanes 1, 2, 6, and 7) but 
was easily detectable in the highly invasive MDA-MB-231, 
MDA.MB-436, and MDA.MB-435 cells (Fig. 9, lanes 5, 8, and 
9). Of the other invasive cells, Hs578T expressed low levels of 
Id-1 mRNA (Fig. 9, lane 3), whereas Id-1 mRNA was unde- 
tectable in BT-549 (Fig. 9, lane 4). Thus, the invasive potential 
of the human breast cancer cell lines MDA-MB-231, MDA- 
MB-436, MDA-MB-435, and, to a lesser extent, Hs578T could, 
at least in part, derive from unregulated expression of Id-1 and 
its associated 120-kDa gelatinase. 


Consistent with this idea, a 120-kDa gelatinase was detected 
in conditioned media from the invasive cells that expressed 
Id-1 (Hs578T, MDA-MB-231, MDA-MB-436, and MDA-MB- 
435; Fig, 10, lanes 3, 5, 8, and 9, respectively). This gelatinase 
was not detected in conditioned media from the noninvasive 
cell lines T47D, MCF-7, ZR75-1, and SKBR-3 (Fig. 10, lanes 
1, 2, 6, and 7) or from the invasive cell line that did not express 
Id-1 (BT-549; Fig, 10, lane 4), The 120-kDa gelatinase ex- 
pressed by the human breast cancer cells comigrated with the 
120-kDa gelatinase expressed by Id-l-transfected SCp2 ceUs 
(Fig. 10, lane C). As previously reported (1), the 72- and/or 
92-kDa gelatinases were detected in most of these human cell 
lines, whether or not they were invasive. Despite the secretion 
of these gelatinases by the cells, only the 120-kDa gelatinase- 
expressing cells were invasive in the Boyden chamber invasion 
assay (reference 43 and data not shown). The exception was 
the invasive BT-549 cell line, which neither expressed Id-1 
mRNA nor secreted the 120-kDa gelatinase. BT-549 cells ex- 
press many MMPs (by zymography), including high levels of 
membrane type 1 MMPs (11). 

Thus, among nine human breast tumor cells examined, only 
Id-1 -expressing cells also expressed the 120-kDa gelatinase, 
and ail Id-1 -negative cells failed to express the 120-kDa gela- 
tinase. Moreover, the Id-1- and 120-kDa gelatinase-expressing 
cells were all invasive in culture and in vivo. 

DISCUSSION 

The mammary gland is one of the few organs that undergo 
striking morphological and functional changes during adult 
life, particularly during pregnancy, lactation, and involution. In 
both humans and mice, fetal, virgin adult, and pregnant mam- 
mary glands undergo extensive temporal and spatial remodel- 
ing, which entails invasion, migration, and relocation of cells to 
generate the ductal and alveolar structures of the gland. Once 
lactation is terminated, there is additional and extensive tissue 
remodeling as the gland returns to its resting state. In recent 
years, progress has been made in elucidating the mechanisms 
that regulate mammaiy gland-specific gene expression and the 
transformation of manrniary epithelial cells to malignancy (3, 
39). However, much less is known about the mechanisms, par- 
ticularly the transcriptional mechanisms, that regulate the de- 
velopment and remodeling of the normal mammary gland, 

SCp2 cells as a model for normal mammary epithelial cells. 
SCp2 is an immortal murine cell line that nonetheless ex- 
presses many characteristics of epithelial cells in the pregnant 
and lactating mammaiy gland. SCp2 ceUs proliferate in mono- 



FIG. 10. Expression of a 120-kDa gelatinase in Id-1 -positive cells. Serum- 
free conditioned media from SCp2-Id-l transfected cells (lane C [control]) and 
nine human breast cancer cell lines (lanes 1 to 9) were analyzed by gelatin 
zymography. 
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layer culture in response to serum growth factors but arrest 
growth, form alveolar structures, and express milk proteins in 
response to lactogenic hormones and basement membrane 
components. Arrested growth is necessary, but not sufficient, 
for differentiation. The differentiation of SCp2 cells in culture 
is remarkably similar to the differentiation of mammary epi- 
thelial cells in vivo (8). Here, we extend this similarity to ex- 
pression of a 120-kDa MMP that appears to be controlled by 
Id-1, a negative regulator of bHLH transcription factors (4). 

Id-1 as a negative regulator of mammaiy epithelial-cell dif- 
ferentiation. During proliferation, but not during arrested 
growth or differentiation, SCp2 cells express Id-1. The expres- 
sion of Id-1 and that of the milk protein p-casein are inversely 
correlated in cultured SCp2 cells (9), as well as in the mam- 
mary gland in virgin, pregnant, and lactating mice (9a). Indeed, 
Id-1 is a negative regulator of the functional differentiation 
of SCp2 cells. When constitutively expressed, Id-1 prevents 
the strong cell-cell contacts typical of differentiated cells and 
blocks milk protein expression. Although the precise mecha- 
nism by which Id-1 inhibits differentiation is not known, it is 
clear that it does not act by preventing the growth arrest in- 
duced by hormones and ECM (9). 

Id-1 is presumed to repress differentiation by inhibiting one 
or more bHLH transcription factors. By analogy with the role 
of bHLH proteins in the differentiation of muscle, neuronal,' 
and lymphoid cells (24, 40, 47), bHLH transcription factors 
may be required for differentiation-specific gene expression in 
the mammary gland. However, our results suggest an addi- 
tional role for bHLH proteins in the mammary gland: repres- 
sion of a 120-kDa MMP, whose activity permits the epithelial 
cells to migrate and invade the ECM. 

An Id-l-regulated gelatinase expressed by mammary epithe- 
lial cells. Id-1 expression, whether originating from the endog- 
enous gene or a transgene, correlated strongly with the expres- 
sion of a 120-kDa gelatinase having the characteristics of an 
MMP. This protease appeared to be the only metalloprotein- 
ase expressed by SCp2 mammary epithelial cells. The well- 
characterized MMPs stromelysin and gelatinases A and B (72- 
and 92-kDa type IV coUagenases) were not expressed by SCp2 
cells. By contrast, gelatinases A and B were expressed by SCg6, 
a stroma-like cell line derived from the same culture from 
which SCp2 cells were cloned (8). SCg6 cells also express 
stromelysin-1 (28). These findings suggest that the expression 
of stromelysin and gelatmases A and B during involution of the 
mammary gland may derive from the nonepithelial cells in the 
tissue (29). 

The epithelial cells of the mammary gland, on the other 
hand, may express the 120-kDa MMP. Talhouk et al. (41) de- 
scribed a gelatinase with an apparent molecular size exceeding 
110 kDa that was expressed during the early stages of involu- 
tion. We found that Id-1 mRNA was not expressed during 
lactation, when the 120-kDa gelatinase is undetectable, but was 
e^ressed early in involution (days 1 and 2). We suggest that 
this gelatinase may be the 120-kDa MMP identified in Id-1- 
ejqjressing SCp2 cells. Thus, there is a correlation between Id-1 
expression and secretion of a 120-kDa gelatinase in vivo, as 
well as in cultured cells. 

The Id-l-regulated gelatinase is critical for epithelial-cell 
invasiveness. SCp2 cells arrest growth when in contact with 
basement membrane ECM. Under these conditions, Id-1 is not 
expressed, the cells maintain strong contacts, and they do not 
invade the surrounding ECM (9). Constitutive Id-1 expression 
did not prevent the growth arrest but conferred an invasive 
phenotype on the ceUs. Only after Id-l-expressing SCp2 cells 
had invaded the ECM did they resume proliferation. Thus, 
Id-1 appeared to be a regulator of the invasive phenotype ra- 


ther than a stimulator of cell proliferation per se. This invasive 
phenotype, in turn, appeared to depend primarily on the 120- 
kDa gelatinase (MMP). This MMP was the only detectable tar- 
get of GM6001, a nontoxic MMP inhibitor (12), and GM6001 
effectively inhibited the invasive phenotype of Id-l-expressing 
cells. Thus, Id-1 and its related 120-kDa MMP were key reg- 
ulators of the invasive phenotype of SCp2 cells. During invo- 
lution, the Id-l-associated MMP may participate in remodeling 
the gland in vivo. We suggest that Id-1 and its related MMP 
may be key regulators of the transient invasive phenotype 
acquired by the epithelial cells during certain stages of normal 
manmiary-gland development and remodeling. 

Id-1 and the 120-kDa gelatinase in tumor cell invasion. The 
invasive phenotype induced by Id-1 was not the result of ma- 
lignant transformation. Id-l-expressing SQ>2 cells did not grow in 
an anchorage-independent manner and did not form detect- 
able tumors in nude mice. Thus, Id-1 differs from oncogenes 
such as v-Ha-ras, which converts mouse mammaiy epithelial 
cells into invasive but also tumorigenic cells (13). Furthermore, 
Id-1 did not induce an invasive phenotype by converting cells 
to a stromal or mesenchymal phenotype. Id-l-expressing SCp2 
cells maintained their epithelial characteristics, such as keratin 
expression, and did not express stromal MMPs. Thus, the ac- 
tion of Id-1 differs from that of genes of the ets family. c-Ets, 
a transcription factor expressed by stromal fibroblasts, pro- 
motes epithelial tumor cell invasion (48) by inducing stromal 
MMPs such as stromelysin-1. ElAF, a new member of the ets 
family, induces an invasive and migratory phenotype in human 
MCF-7 breast cancer cells (19), presumably by inducing gela- 
tinase B as well as stromelysin-1. 

Although the Id-l-induced invasive phenotype was not a 
consequence of malignant transformation, our results with hu- 
man breast cancer cells suggest that constitutive Id-1 expres- 
sion, and its associated 120-kDa gelatinase, may play a role in 
the invasive phenotype of at least some aggressive human 
breast tumors. We hypothesize that Id-1 and the 120-kDa 
gelatinase may constitute a thus far unrecognized pathway for 
tumor cell invasion. A very recent report (32) suggests that the 
Id-l-120-kDa gelatinase pathway we describe here may be of 
substantial clinical importance. In that report, a gelatinase of 
approximately the same size as the one described here was 
detected in urine from metastatic breast cancer patients but 
not in urine specimens from patients with other types of can- 
cer. The authors acknowledge that the identity of this gelati- 
nase is as yet unknown but suggest that it might serve as a 
predictor of metastatic breast cancer. By contrast, the 72- and 
92-kDa gelatinases detected in urine were suggested to serve as 
predictors of organ-confined cancers. These suggestions are 
consistent with our results showing that the 72- and/or 92-kDa 
gelatinase is expressed by differentiated and noninvasive hu- 
man breast cancer cells, whereas the 120-kDa gelatinase is 
expressed only in invasive brezist cancer cells. 

In conclusion, we propose that Id-1 regulates the invasive 
phenotype of breast epithelial cells, in part through the activity 
of a 120-kDa gelatinase, during normal mammary-gland devel- 
opment and remodeling. Although this phenotype is not nec- 
essarily linked to tumorigenesis, it may well be reactivated 
during progression toward malignancy in some breast cancers, 
for example, during the transition from an in situ to an invasive 
carcinoma. We do not yet know whether Id-1 induces the 
120-kDa gelatinase by directly inactivating a bHLH repressor 
of the gene or whether it acts indirectly by altering the expres- 
sion of other genes. We are currently attempting to clone the 
120-kDa gelatinase in order to answer these questions. 
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49. Witty, J. J. H. Wright, and L. M. Matrisian. 1995. Matrix metallopro- 
teinases are expressed during ductal and alveolar mammary morphogenesis, 
and misregulation of stromelysin-1 in transgenic mice induces unscheduled 
alveolar development MoL Biol. Cell 6:1287-1303. 

50. Zhang, R. I. J. Fidlcr, and J. £. Price. 1991. Relative malignant potential 
of human breast carcinoma cell lines established from pleural effusions and 
a brain metastasis. Invasion Metastasis 11:204-215. 


EDUCATION 

Chemistry Transferred 

B.A. (Honors) Chemistry 

M.A. Bacteriology and Biochemistry 

Ph.D. Microbiology and Molecular Genetics 


MINA J. BISSELL 

Distinguished Scientist 
Lawrence Berkeley National Laboratory 
One Cyclotron Rd., 83-101 
Berkeley, CA 94720 
mibissell@lbl.gov 


Bryn Mawr College 
Radcliffe/Harvard College 
Harvard University Medical School 
Harvard University Medical School 


1959 
1961 
1963 
1964 


1961 
1963 
1964 
1969 


RESEARCH AND PROFESSIONAL EXPERIENCE: 
Research Experience and Employment : 

Milton Fellow, Harvard Univ (1969-70); American Cancer Society Fellow (1970-72); Staff Biochemist (1972-76); Senior 
Staff, LBNL (1976-present); Faculty, Comparative Biochemistry (1979-present); Visiting Wellcome Prof., Kettering Inst., 
Univ. of Cincinnati Medical School (1986-88); Director, Cell & Molecular Biology Division, LBNL (Jan. 1988-92); Director, 
Life Sciences Division (includes Cell & Molecular Biology Division), LBNL (1992-2002); Distinguished Scientist (Nov. 
2002-present); Senior Advisor to the Laboratory Director on Biology (Nov. 2002-present). 

Awards and Honors (selected) : 

Medal for Top High School Student in the Country, Iran (1958); Medal of Amer. Inst, of Chemists for Top Chemistry Student 
at Radcliffe College (1962); Fogarty Senior Fellow (London, 1983-84); First Joseph Sadusk Award for Breast Cancer 
Research (1985); Guggenheim Fellow (Paris, 1992-93); ASCB Women in Cell Biology Career Recognition Award (1993); 
Elected AAAS Fellow (1994); E.G. Lawrence Award, US Dept. of Energy (1996); President, American Society of Cell 
Biology (ASCB, 1997); Elected, Inst, of Medicine of the National Acad, of Sciences (1997); Exceptional Service Award, 
OBER, US Dept. of Energy (1997); Mellon Award, University of Pittsburgh (1998); EH Lily/Clowes Award of the American 
Association for Cancer Research (AACR;1999); President, Int'l Society of Differentiation (ISD; 2000-2002); Honorary 
Doctorate, Pierre & Marie Curie University, Paris, France (2001); Innovator Award in Breast Cancer, US Department of 
Defense (2002); Elected to the American Academy of Arts and Sciences (2002); Komen Foundation Brinker Award (2003); 
More than 40 distinguished & named lectures. 

National & International Committees and Review Boards (selected): 

NIH Molecular Cytology Study Section (1981-85); NIH Gerontology & Geriatrics Review Study Section (1987-89); NIH 
Pathology B Study Section (1989-92); Board of Directors, Gordon Conferences (1993-98); Chair, Gordon Research 
Conference, Biological Structure and Gene Expression (1993); Secretary of Energy's Advisory Committee BERAC (1995- 
1999); Chair, BERAC Subcommittee on Application of Genome and Structural Biology (1995); Chair, Keystone Meeting on 
Breast and Prostate Cancer, Taos, NM (1996); Chair, NASA Committee on the Role of Animal Research in Space (1996-97); 
Integration Panel, U.S. Army Breast Cancer Research Program (1995-2003); NIH and NCI Panel on "Preclinical Models of 
Cancer" (1997-98); Howard Hughes Medical Inst. Evaluation Panel, Washington, DC (1997/1999); Board of Directors, 
American Association for Cancer Research (1999-2001);U.S. Representative to Council of Scientists, Human Frontier Science 
Program, Strasbourg, France (1998-2002); Advisory Committee, Burroughs Wellcome Fund's Career Awards in the 
Biomedical Sciences program (1998-2002); Human Rights Committee of National Academy of Sciences (1999-present); 
Advisory Board, Univ. Chicago Cancer Research Center (1998-present); Institute of Defense Analysis, Defense Science Study 
Group, Alexandria, VA (200()-present); AACR Science Policy and Legislative Affairs Committee (2001-2004); External 
Advisory Board, Institute for Molecular and Cell Biology, Porto, Portugal (IBMC) (1999-present); External Scientific 
Advisory Committee for the MIT Center for Environmental Health Sciences (2002-present.); Science Advisory Committee, 
Breakthrough Breast Cancer, London, UK (2002-present). 

Associate Editor & Editorial Boards (current only) : 

In Vitro Cellular and Developmental Biology (1990- ); Journal of Cellular Biochemistry (1990- ); Molecular Carcinogenesis 
(1993- ); Cancer Research (1994-; Senior Assoc. Editor, 2000- ); The Breast Journal (1994- ); Cell Structure and Function 
(1994- ); Journal of Mammary Gland Biology (1995- ); Journal of Experimental Therapeutics and Oncology (1995- ); 
Molecular Medicine (1997- ); Breast Cancer Research (1999- ; Senior Editor: 2003- ); International Journal of Cancer 
(1999- ); The FASEB Journal (imi-). 
Patent Pending : 

lB-JlB-1791 A Suprabasal Breast Cell Line with Stem Cell Properties (with Ole William Petersen et al.) 
Patents Issued : 

United States Patent # 5,846,536: Restoration of Normal Phenotype in Cancer Cells 

United States Patent # 6,123,941 : Method for Restoration of Normal Phenotype in Cancer Cells 

United States Patent # 6,287^790: Utilization of Nuclear Structural Proteins for Targeted Therapy and Detection of Proliferative 
and Differentiation Disorders 

Lectures (2002-Present) : Plenary and reamed lectures are marked with an asterisk. 


*Keystone Symposium, Biological Response to the Extracellular Matrix, The Matrix in Development, Banff, Canada 

♦Excellence m Cancer Research Seminar Series, Cross Cancer Institute, Edmonton, Alberta, Canada 

*Bioengineering and Environmental Health & Chemistry Department, MIT, Boston, MA (Harris Lecture) 

♦Matrix and Morphogenesis: Celebrating Elizabeth Hay, Boston, MA 

♦International Society of Differentiation, Lyon, France (President's Lecture) 

*DOD, Era of Hope, Breast Cancer Research Program Meeting, Orlando, FL (Iimovation Lecture) 

* Van Andel Institute, Grand Rapids, MI 

* AACR (Proteases, Extracellular Matrix, and Cancer) Hilton Head, SC (Keynote Lecture) 
♦International Biomed Society, Stanford, CA 
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2002 


others include: City of Hope, Los Angeles, CA; UCSF, Department of Surgery, San Francisco, CA; University of California, 
Los Angeles, Molecular Biology Institute, Graduate Program Seminar, Los Angeles, CA; Thomas Jefferson University, 
Kimmel Cancer Center, Philacfelphia, PA; Duke University Medical Center, Signal Transduction CoUoauiimi, Durham, NC 
Tufts University Medical School, Department of Anatomy and Cellular Biology, Boston, MA; Boston University, Boston, MA 
Biogen, Cambndge, MA; Morehouse College, Division of Science and Mathematics, Atlanta, GA; Emory University, Atlanta, 
Department of Cell Biology, GA; Whitehead Institute, Cambridge, MA; Harvard Medical School, Vascular Biology Seminar, 
Draartment of Pathology, Boston, MA; University of California, Davis, Medical Cancer Center, Sacramento, CA 
Oakland Outreach Program, Oakland, CA; Breast Cancer Foundation's Think Tank, Santa Barbara, CA; AstraZeneca, Boston, 
MA; Becton Technologies, RTP, North Carolina 

2003 

* Second Timberline Symposium on Epithelial Biology, My Hoodj Oregon 

* American Society of Investigative Pathology Conference, San Diego, CA 
♦Northwestern University, Chicago, IL (Mayberry Lecture) 

♦Danish Society for Cancer Research, Copenhagen, Denmark, Bristol (Myers Squibb Lecture) 

♦Gordon Research Conference: Mammary Gland Meeting, Bristol RI 

♦Gordon Research Conference: Cell Contact and Adhesion, Andover, NH (Keynote session) 

♦The Cancer Institute of New Jersey, Princeton, NJ 

♦University of Illinois, in Chicago, Chicago, IL (Krakower Lecture) 

♦Mahajani Symposium, San Diego, CA 

♦Epithelial-Mesenchymal Transitions Conference, Queensland, Australia 

♦University of CaUfomia, Berkeley (BISC Distinguished Lecture) 

♦San Antonio Breast Cancer Conference (Komen Toimdation, Bnnker Award) 

Others include: Caltech, Pasadena, CA; UCSF, Cancer Center, San Francisco, CA; Salk Institute, San Diego, CA 
University of California, San Diego, CA; University of California, Santa Cruz, CA; Huntsman Cancer Institute, Salt Lake City, 
Utah; Endocrine Therapy Conference, Boston, MA; Tularik Inc. San Francisco, CA; Ernest Gallo Clinic and Research Center, 
Emeryville, CA; Cell Genesys, San Francisco, CA; California Breast Cancer Research Program, San Diego, CA 
ComBio 2003 Meeting, Melbourne, Australia. 

Publications (selected since 1995: total 236): 

131. Boudreau N, Sympson CJ, Werb Z ana BisseU MJ. (1995) Suppression of ICE and apoptosis in mammary 

epitheUal cells oy extracellular matrix. Science 267:891-893. 
135. Lin CQ, Dempsey P, Coffey C and BisseU MJ. (1995) Extracellular matrix regulates whey acidic protein gene 

expression by suppression of TGF-a in mouse mammary epitheUal cells: Studies in culture and in transgemc mice. 

J. Cell Biol 129(4):1 1 15-1 126. 
137. Rjannov-Jessen L, Petersen OW, Kotelianski V and BisseU MJ. (1995) The origin of the myofibroblasts in breast 

cancer: Recapitulation of tumor environment in culture unravels diversity and implicates coverted fibroblasts and 

recruited smooth muscle ceUs. J Clinical Investigation 95:859-873. 
1 39. Streuli CH, Schmidhauser C, Bziiley N, Yurchenco P, Skubitz A and BisseU MJ. (1 995) Laminin mediates tissue- 
specific gene expression in mammary epithelia. J Cell Biol 129:591-603. 
154. Rannov-Jessen L, Petersen OW and BisseU MJ. (1996) Cellular changes involved in conversion of normal to 

malignant breast: The importance of the stromal reaction. Physiol Revs 76:69-125. 
159. Ashkenas J, Muschler J and BisseU MJ. (1997) The extracellular matrix in epithelial biology: Shared molecules and 

common themes in distant phyla. Developmental Biol 180:433-444. 

162. Lochter A, Galosy S, Muschler J, Freedman N, Werb Z and BisseU MJ. (1997) Matrix metalloproteinase stromelysin-1 
triggers a cascade of molecular alterations that leads to stable epithelial-to-mesenchymal conversion and a premafignant 
phenotype in mammary epithelial cells. J Cell Biol 139:1861-1 872. 

163. Lochter A, Srebrow A, Sympson CJ, Terracio N, Werb Z and BisseU MJ. (1997) Misregulation of stromelysin-1 
expression in mouse mammary tumor cells accompanies acquisition of stromelysin-1 -dependent invasive properties. J 
BiolChem 272:5007-5015. 

165. Weaver VM, Petersen OW, Wang F, LarabeU CA, Briand P, Damsky C and BisseU MJ. (1997) Reversion of the 

malimant phenotype of human breast cells in three-dimensional culture and in vivo using integrin blocking antibodies. J 
CellBiol 137:231-246 (cover feature). 

171. Hirai Y, Lochter A. Galosy S, Koshida S, and BisseU M J. ( 1 998) Epimorphin, not hepatocyte growth factor or 
epidermal growth factor, nmctions as a morphoregulatory molecule for manunary epithelial cells. J Cell Biol 140: 1 59- 
169. 

172. Lelievre SA, Weaver VM, Nickerson JA, Larabell CA, Bhaumik A, Petersen OW and MJ BisseU MJ. (1998) Tissue 
phenotype depends on reciprocal interactions between the extracellular matrix and the structural organization of the 
nucleus. Proc Natl Acad Sci USA 95:14711-14716. 

175. Myers CA, Schmidhauser C, Mellentin-Michelotti J, Fraeoso G, RoskeUey CD, Casperson G, Mossi R, Pujuguet P, 
Hager G and BisseU MJ. (1998) Characterization of BCE-1 : A transcriptional enhancer regulated by prolactm and 
extracellular matrix and modulated by tiie state of histone acetylation. Mol CellBiol 1 8(4) :z 184-2 195. 

1 80. Wang F, Weaver VM Petersen OW, Larabell CA, Dedhar S, Briand P, Lupu R and BisseU MJ. (1 998) Reciprocal 
interactions between 6 1 -integrin and epidermal growth factor receptor in three-dimensional basement membrane 
breast cultures: A different persj)ective in epithelial biology. Proc Natl Acad Sci USA 95:14821-14826. 

182. BisseU MJ. (1999) Tumor plasticity allows vasculogenic mimicry, a novel form of angiogenic switch: A rose by any 
other name? Am J Pathol 155(3):675-9. 

184. BisseU MJ, Weaver VM, LeUevre SA, Wang F, Petersen OW and Schmeichel KL. (1999) Tissue structure, nuclear 
organization and gene expression in normal and malignant breast. Cancer Res, 59: 1757s- 1764s. 

185. Lochter A, Navre M, Werb Z and BisseU MJ. (1999) pi and P2 integnns mediate invasive activity of mouse mammary 
carcinoma cells through regulation of stromelysin-1 expression. Mol Biol Cell 10:271-282. 

188. Muschler J, Lochter A, Roskelley CR, Yurchenco P and BisseU MJ. (1999) Division of labor among the a664 integrins. 
and an E3 laminin receptor to signal morphogenesis and B-casein expression in mammary epithehal cells. Mol Biol Cell 
10(9):2817-28. 

189. Pechoux C^ Gudjonsson T, Rannov-Jessen L, BisseU MJ and Petersen OW. (1999) Human manamary luminal epithelial 
cells contamprogenitors to myoepithelial cells. Develop Biol 206:88-99. 

191. Stemhcht MD, Lochter A, Sympson CJ, Huey B, Rougier J-P, Gray J, Pinkel D, BisseU MJ, and Werb Z. (1999) The 
stromal proteinase MMP-3/stromelysin-l promotes mammary carcmogenesis. Cell 98(2): 137-146, 

195. Pujuguet P, Simian M, Liaw J, Timpl R, Werb Z and BisseU MJ. (2000) Nidogen-l regulates laminin- 1 -dependent 
mammary-specific gene expression. J Cell Sci 1 13 (Pt 5): 849-85 8 (cover feature). 

197. Chen M, Schmeichel K, Mian IS, Lelievre SA, Petersen OW and BisseU MJ. (2000) AZU-1 : A candidate breast tumor 
suppressor and biomarker for tumorigenic reversion. Mol Biol Cell 1 1(4): 1 357-1 367. 
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200. Hirai Y, Radisky D, Boudreau R, Simian M, Stevens M, Oka Y. Takebe K, Niwa S and Bissell MJ. (2001) Epimorphin 
mediates mammaiY luminal morphogenesis through control of C/EBPB. J Cell Biol 153(4): 785-794. 

20 1 . Simian M, Hirai Y, Navre M, Werb Z, Lochter A and Bissell MJ. (2001 ) The interplay oi matrix metalloproteinases, 
morphogens and growth factors is necessary for branching of manunaiy epithelial cells. Development 28:3 1 17-3131 . 

202. Muttiuswamy SK, Li D, Lelievre SA, Bissell MJ and Brugge JS. (2001) Erb62, but not Erbpl, reinitiates proliferation 
and induces luminal repopulation in epithelial acini. Nature Cell Biol 3(9):785-792. 

203. Bissell MJ and Radisl^ D. Putting tumours in context. (2001) Nature Reviews (Cancer) 1 :48-54. 

208. Gudjonsson T, Rannov-Jessen L, Villadsen R, Bissell MJ and Petersen OW. (2002) Normal and tumor-derived 

myoepithelial cells differ in their ability to signal to luminal breast epithelial cells for polarity and basement membrane 

deposition. J Cell Science 1 1 5(l):39-50. 
211. Gudjonsson T, Villadsen R, Nielsen HL, Rennov- Jensen L, Bissell MJ, and Petersen OW. (2002) Isolation, 

immortalization, and characterization of a human breast epithelial cell line with stem cell properties. Genes & 

Development 16(6):693-706. 

213. Wang F, Hansen RK, RadislQ^ D, Yoneda T, Barcellos-Hoff MH, Petersen OW, Turley EA and Bissell MJ. (2002) 
Phenotypic Reversion or Death of Cancer Cells by Altering Signaling Pathways in Three-Dimensional Contexts. / 
Natl Cancer Inst 94(19): 1494-1503. 

214. Weaver VM, Lelievre SA, Lakins JN, Chrenek MA, Jones JCR, Giancotti F, Werb Z and Bissell MJ. (2002) p4 
Integrin-dependent formation of polarized three-dimensional architecture confers resistance to apoptosis in normal and 
malignant mammary epithelium. Cancer Cell 2:205-216; News & Views, Nature 419:790*791 (2002), Minireview 
(Ce^ 111:923-925 (2002). 

215. Muschler J, Levy D, Boudreau R, Henry M, Campbell K and Bissell MJ. ^2002) A role for dystroglycan in epithelial 
polarization: Loss of fimction in breast tumor cells. Cancer Research 62:7102-7109. 

216. Bissell MJ, Radisky D, Rizki A, Weaver, VM and Petersen, OW. (2002) The organizing principle: 
microenvironmental influences in the normal and malignant breast. Differentiation 70(9-li)):537-46. 

217. Petersen OW, Nielsen HL Gudjonsson T, Villadsen R, Rank F, Niebuhr E, Bissell MJ and Rennov-Jessen L. (2003) 
Epithelial to Mesenchymal transition in human breast cancer can provide a nonmalignant stroma. Am J Pathol 
162:2:391-402. 

218. BisseU MJ, Mian IS, Radisky D and Turley E. (2003) Tissue-specificih^: Structural cues allow diverse phenotypes 
from a constant genotype. In: Origination of Organismal Form: Beyond the Gene in Developmental and Evolutionary 
Biology, Muller GB and Newman SA (Eds.). The Vienna Series in Theoretical Biology. MIT Press 7:103-1 17. 

219. Bissell MJ and Bilder D. (2003) COMMENTARY: Polarity determination in breast tissue: desmosomal adhesion, 
myoepithelial cells, and laminin 1. Breast Cancer Res 5:2:1 17-1 19. 

220. Anders M, Hansen R, Ding R-X, Waldman FW, Rauen K, Bissell MJ, and Kom WM. (2003) Disruption of 3D tissue 
integrity facilitates adenovirus infection by deregulating the coxsackievirus and adenovirus receptor. Proc Natl Acad 
Sci 100:4:1943-1948. 

22 1 . Bhatacharyya C, Grate LR, Rizki A, Radisky D, Molina FJ, Jordan MI, Bissell M J, Mian IS. (2003) Simultaneous 
relevant feature identification and classification in high-dimensional spaces: Application to molecular profiling data. 
Signal Processing 83:4:729-743. 

222. Schmeichel, KL and Bissell MJ. (2003) Modeling tissue-specific signaling and organ function in three dimensions. J 
Cell Sci. 116:2377-2388. 

223. Novaro V, Roskelley C and Bissell MJ. (2003) Collagen-IV or laminin-1 together with lactogenic hormones regulate 
estrogen receptor-alpha expression and fiinction in mouse mammary epithelial cells. J Cell Science 1 16(14) 2975-2986. 

224. Gudjonsson T, Ronnov-Jessen L, Villadsen R, Bissell MJ, Petersen OW. (2003) To create the correct 
microenvironment: three-dimensional heterotypic collagen assays for human breast epithelial morphogenesis and 
neoplasia. Methods Jul;30(3):247-55. 

225. Radisky, DC, Hirai, Y and Bissell MJ. (2003) Delivering the message: epimorphin and mammary epithehal 
morphogenesis. Trends Cell Biol 13(8):426-34. 

226. Park, CC, Henshall-Powell, RL, Erickson, AC, Talhouk, R, Parvin, B, Bissell MJ and Barcellos-Hoff MH. Ionizing 
radiation induces heritable disruption of epithelial cell interactions. Proc Natl Acad Sci 100: 19: 10728-1 0733. 

227. Wiseman BS, Stemlicht MD, Lund LR, Alexander CM, Mott J, BisseU MJ, Soloway P, Itohara S and Werb Z. (2003) 
Site-specific inductive and inhibitory activities of MMP-2 and MMP-3 orchestrate mammary gland branching 
morphogenesis. Journal of Cell Biology 162 (6):1 123-1 133. 

228. Fata JE, Werb, Z and Bissell MJ. (2003) Regulation of mammary gland branching morphogenesis by the 
extracellular matrix and its remodeling enzymes. Breast Cancer Res Review 6: 1-1 1 . 

229. Petersen OW, Gudjonsson T, Villadsen R, Bissell MJ, Ronnov-Jessen L. (2003) Epithelial progenitor cell lines as 
models of normal breast morphogenesis and neoplasia. CellProlif. Oct;36 Suppl 1:33-44. Review. 

230. Park C, Zhang H, Peng M, Bissell MJ. (2003) Cell-ECM mediated radiation response in breast cancer: betal integrin 
as a potential moiocxAar tm:gGit Int J Radiat Oncol Biol Phy Oct 1;57(2 Suppl):S161. 

23 1 . Kenny, PA and Bissell MJ. (2003) Tumor reversion: Correction of malignant behavior by microenvironmental cues. 
Int J Cancer Review 107(5):588-695. 

232. Bissell MJ, Rizki A, Mian IS (2003) Tissue architecture: the ultimate regulator of breast epithehal function. Curr Opin 
Cell Biol Dec; 1 5(6):753-62. 

233. Come SE, Buzdar AU, Arteaga CL, BisseU MJ, Brown MA, EUis MJ, Goss PE, Green JE, Ingle JN, Lee AV, Medina 
D, Nicholson RI, Santen RJ, Schiff R, Hart CS. Proceedings of the third international conference on recent advances 
and future directions in endocrine manipulation of breast cancer: conference sunmiary statement. Clin Cancer Re. 2004 
Janl;10(l Pt2):327S-30S. 

234. Novaro V, Radisky DC, Ramos Castro NE, Weisz A, Bissell MJ. (2004) Mahgnant mammary cells acquire 
independence from extracellular context for regulation of estrogen receptor alpha. Clin Cancer Res Jan 1; 10(1 Pt 
2):402S-9S. 

235. Boudreau N, Myers C, Bissell MJ. (2004) From laminin to lamin: regulation of tissue-specific gene expression by the 
ECM. Trends Cell Biol 1995 Jan;5(l):l-4. 

236. Liu H, Radisky DC, Wang F and Bissell MJ. Polarity and prohferation are controlled by distinct signaling pathways 
downstream of PI3 -kinase in breast epithelial tumor cells. J Cell Biol (In press -2004). 
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Principal Investigator/Program Director (Last, first, middle): Muschler. John L. 


BIOGRAPHICAL SKETCH 

Provide the following infomiation for the key personnel in the order listed for Form Page 2. 
Follow the sample format for each-person. DO NOT EXCEED FOUR PAGES. 


NAME 

Muschler, John L. 


POSITION TITLE 

Associate Scientist 


EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, and include postdoctoral training.) 


INSTITUTION AND LOCATION 

DEGREE 
(if applicable) 

YEAR(s) 

FIELD OF STUDY 

University of Illinois, Urbana, IL 
University of Illinois, Urbana, IL 

B.S. 
Ph.D. 

1986 
1993 

Chemistry 
Biochemistry 


Professional 

1984-85 
1986-87. 
1987 
1989 

1993-1995 


1995-2000 


2000-2002 


2002-present 


2003 


Experience: 

Research Associate, U.S.D.A. laboratory, University of Illinois, Urbana. 
Research Associate, Department of Biochemistry, University of Illinois. 
Teaching Assistant, Chemistry, University of Elinois, Urbana. 
Teaching Assistant, Biochemistry, University of Illinois, Urbana. 
Postdoctoral Research Fellow 
Laboratoire de Biologic Moleculaire, 
Pasteur Institute, Paris, France 
Postdoctoral Research Fellow 
Life Science Division 

Lawrence Berkeley National Laboratory, Berkeley, CA. 
Scientist 

Life Science Division, 

Lawrence Berkeley National Laboratory, Berkeley, CA. 
Associate Scientist 

California Pacific Medical Center Research Institute, 
San Francisco, CA. 

Grant Reviewer for the Department of Defense Breast Cancer Research Program. 


Honors and Fellowships: 

1 989 University of Illinois Biotechnology Center Award. 

1 993-1 995 Long Term Fellowship, European Molecular Biology Organization (EMBO). 

1995-1997 Individual National Research Service Award. 

1 998-2000 Postdoctoral Fellowship, Department of Defense Breast Cancer Research Program. 

2000-2003 New hivestigator Award, California Breast Cancer Research Program. 

200 1 -2004 IDEA Grant, Department of Defense Breast Cancer Research Program. 


Publications: 


Principal Investigator/Program Director (Last, first, middle): Muschler, John L. 
Henry, L, Forlani, S., Vaillant, S., Muschlen J., Choulika, A. and Nicolas, J.-F. (1999) "LagoZ and LagZ, two genes 
derived from LacZ by depletion of CpG dinucleotides for the study of epigenetic controls". C. R. Acad. Sci., Paris. 
322: 1-9. 

Muschler, J.. Lochter, A., Roskelley, CD., Yurchenco, P. and Bissell, M.J. (1999). Division of labor among the a6p4 

integrin, pi integrins, and an E3 laminin receptor to signal morphogenesis and P-casein expression in mammary 

epithelial cells. Mol. Biol. Cell 10: 2817-2828. 
McDonald KA., Muschler J. , and Horwitz AF. (1998). Immunopurification of a sarcomeric junctional protein complex 

containing GAPDH. Exp. Cell Res. 243: 305-18 
Lochter A., Galosy S., Muschler J. . Freedman N., Werb Z. and Bissell MJ. (1997). Matrix metalloproteinase stromelysin- 

1 triggers a cascade of molecular alterations that leads to stable epithelial -to-mesenchymal conversion and a 

premalignant phenotype in mammary epithelial cells. J. Cell Biol. 139:1861-72 

Ashkenas J., Muschler J. and Bissell MJ. (1996). The extracellular matrix in epithelial biology: shared molecules and 

common themes in distant phyla. Dev. Biol. 180:433-44 
Sastry SK., Lakonishok M., Thomas DA., Muschler J. and Horwitz AF. (1996). Integrin alpha subunit ratios, cytoplasmic 

domains, and growth factor synergy regulate muscle proliferation and differentiation. J. Cell Biol. 133: 169-84 
Lakonishok M., Muschler J. and Horwitz AF. (1992). The aSpi integrin associates with a dystrophin-containing lattice 

during muscle development. Dev. Biol. 152:209-20 
Bronner-Fraser M., Artinger M., Muschler J. and Horwitz AF. (1992). Developmentally regulated expression of a6 

integrin in avian embryos. Development 1 15: 197-21 1 
Bao ZZ., Muschler J. and Horwitz AF. (1992). LBL, a novel, developmentally regulated, laminin-binding lectin. J. Biol. 

Chem. 267:4974-80 

Muschler JL. and Horwitz AF. (1991). Down-regulation of the chicken aSpi integrin fibronectin receptor during 
development. Development 1 13:327-37 

Recent Abstracts: 

Weir, L., Itahana, Y., Campbell, K., Bissell, M.J., Muschler, J. Dystroglycan is essential for the response of mammary 
epithelial cells to laminin-1 and HSPGs. American Society for Cell Biology Annual Meeting. (Dec, 2003). San 
Francisco, CA. 

Singh, J, Itahana, Y, Campbell, K., Muschler J. Proteolytic enzymes and altered glycosylation modulate dystroglycan 
function in carcinoma cells. American Society for Cell Biology Annual Meeting. (Dec, 2003). San Francisco, CA. 

Mott, J., Muschler, J., Bissell, M.J. Phenotypic Reversion of the Human Breast Timior Cell Line T4-2 Correlates with a 
Decrease in MMP-9 Production. American Society for Cell Biology Annual Meeting. (Dec, 2003). San Francisco, 
CA. 

Muschler, J., Campbell, K. and Bissell, M.J. Restoration of dystroglycan function as a novel target in breast cancer 
therapy". The Era of Hope Meeting of the Department of Defense Beast Cancer Research Program. (Sept., 2002). 
Orlando, FL. 

Muschler, J., Levy, D., Henry, M., Campbell, K. and Bissell, M.J. Loss of dystroglycan in breast tumor cells. 
American Society for Cell Biology Annual Meeting. (Dec, 2001). Washington D.C. 

Invited Lectures and Symposia: 

"Restoration of DG Function as a novel target in breast cancer therapy". The Era of Hope Meeting of the Department of 

Defense Beast Cancer Research Program. (Sept., 2002). Orlando, FL. 2002 
"Linking dystroglycan, polarity and tumor suppression in breast epithelial cells." University of California at San 


